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Abstract
S t a t i s t i c a l  mechanical s tu d ies  o f  aromatic hydrocarbon l iq u id s  
have been conducted. Aromatic r ings are modeled as oblate  e l l i p ­
so ids  in t e r a c t in g  with a modified gaussian overlap p o t e n t ia l .  This 
approach has been t e s t e d  by molecular dynamics s imulat ions  and 
shown to  work well  for  benzene and naphthalene. Addition of  quad- 
rupolar in t e r a c t io n s  further  improves the r e s u l t s .  More molecular  
dynamics s imulat ion data for  the gaussian overlap p o t e n t i a l ,  the  
modified gaussian overlap p o t e n t i a l ,  and a dumbell o f  the modified 
gaussian overlap p o ten t ia l  have a l s o  been generated, to  t e s t  an 
e x i s t i n g  non-spherical based perturbation theory (F isc h e r 's  theory)  
and a newly introduced s p h e r ica l ize d  p o ten t ia l  method. Both ap­
proximations work q u a l i t a t i v e l y  well for  the gaussian overlap  
p o t e n t i a l ,  work q u a n t i t a t iv e ly  as well for  the modified gaussian  
overlap p o t e n t i a l ,  and work only q u a l i t a t i v e l y  in preliminary t e s t s  
for  the dumbell o f  the modified gaussian overlap p o t e n t ia l s .
In the experimental program, a C-80 Setaram Calorimeter has 
been used to  measure the heats o f  fus ion  and s o l i d  and l iq u id  heat  
c a p a c i t i e s  o f  a number o f  aromatic hydrocarbons, and to  construct  
sol i d - l i q u i d  phase diagrams o f  three binary systems of  aromatic 
hydrocarbons ( f luorene-dibenzofuran ,  dibenzothiophene-dibenzofuran,  
and f 1uorene-dibenzothiophene) .
Chapter 1 
Introduction and Motivation
The d i s s e r t a t io n  b a s i c a l l y  c o n s i s t s  o f  two major parts .  The 
f i r s t  part ,  the th e o r e t i c a l  part ,  explores  u t i l i z a t i o n  o f  s t a t i s ­
t i c a l  mechanics in analyzing thermodynamic prop er t ie s ,  and the  
second part ,  the experimental part ,  deals  with the use of  a modern 
calorimeter  to examine thermodynamic behaviour, which in t h i s  case  
c o n s i s t s  o f  measurements o f  s o l i d - l i q u i d  e q u i l i b r i a ,  heats o f  
fus ion  and heat c a p a c i t i e s .  Both parts  of  t h i s  study were appl ied  
to  aromatic hydrocarbons. The s e l e c t i o n  of  aromatic hydrocarbons 
as the objec t  o f  study i s  based on the f a c t  that  those chemicals  
are an important component o f  heavier feedstocks [1 ]  and coal  
l iq u id s  [2 ,  3 ] ,  which are gaining importance in petrochemical and 
petroleum r e f in in g  in d u s tr ie s .  Thermodynamic data for  those chemi­
c a l s ,  hence,  become more important, and a number of s tud ies  con­
cerning them have been conducted recen t ly  [4 - 7 ] .
S t a t i s t i c a l  mechanics,  the tool o f  our th eo r e t i c a l  study, i s  
th at  branch o f  theory th a t  s tu d ies  macroscopic systems from a 
microscopic or molecular point  of  view, and i t s  goal i s  the under­
standing and pred ic t ion  o f  macroscopic phenomena and the c a l c u la ­
t ion  o f  macroscopic propert ies  from the propert ies  of  the in d iv id ­
ual molecules making up the system [8 ] .
In recent s t a t i s t i c a l  mechanical approaches,  molecular dynam­
ic s  s imulat ion , theory and experiment are playing an important r o l e ,  






Figure 1.1: Relation between experiment, molecular dynamics Simula
tion  and theory.
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In f igure  1 . 1 ,  experiment means a measurement of macroscopic 
propert ies  o f  real f l u i d s ,  for example d en s i ty ,  enthalpy, e tc .  
Molecular dynamics simulat ion means so lv in g  numerically the equa­
t io n s  o f  motion o f  several hundred molecules with s p e c i f i e d  in t er -  
molecular in ter a c t io n s  ( i . e .  p o t e n t ia l s )  on a large computer, and 
then c a lc u la t in g  observable  macroscopic propert ies  by time averag­
ing the appropriate microscopic equations [8 ] .  So, using molecular  
dynamics s im ulat ions ,  we can "exactly" evaluate  observable macro­
scopic  q u a n t i t i e s  o f  a system which c o n s i s t s  of  hypothetical mole­
cu les  having intermolecular in tera c t io n s  that  can be f r e e ly  sp e c i ­
f ied .
Since molecular dynamics s imulations  need a l o t  of  computing 
time and a lso  a large computer, approximation theor ie s  which can 
p red ic t  macroscopic propert ies  from intermolecular p o t e n t ia l s  are 
a lso  needed.
I f  we predic t  macroscopic thermodynamic propert ies  of a real  
f l u i d  by assuming a cer ta in  model for the intermolecular p o t e n t ia l s  
and then computing the macroscopic propert ies  using a theory, the  
discrepancies  between the predicted propert ies  and the experimental  
data are caused by e i t h e r  the errors  in the poten t ia l  model or in 
the theory, or in both. So, i t  i s  d i f f i c u l t  to  make a conclusion  
from d ir e c t  comparisons between r e s u l t s  from a theory and relevant  
experimental data. I f  moreover we compare the r e s u l t s  obtained  
from molecular dynamics s imulat ion and theory, for  the same i n t e r ­
molecular poten t ia l  models, the d iscrep an c ies ,  i f  any, are caused 
s o l e l y  by the errors in the theory. So, in order to t e s t  the  
v a l i d i t y  o f  a theory, molecular dynamics simulat ions are usually
4
performed.
On the other hand, d i f fe re n c e s  between molecular dynamic 
s imulat ion and experimental r e s u l t s  are s o l e l y  caused by the errors  
in the intermolecular p o ten t ia l  models. Therefore, molecular  
dynamics s imulat ions can a l so  be used to  t e s t  the v a l i d i t y  o f  
intermolecular po ten t ia l  models.
The ult imate  goal o f  s t a t i s t i c a l  mechanics,  o f  course ,  as 
s ta ted  e a r l i e r ,  i s  to  develop th eo r ie s  that  can be used to  pred ic t  
macroscopic propert ies  from molecular prop er t ie s ,  for real f lu id s .  
Until  now, however, success fu l  th eor ie s  that  can be used for  highly  
non-spherical  molecules have not been developed.
An important aspect  of  our th eo r e t ic a l  s tud ies  i s  to model an 
aromatic ring as an a n iso trop ic  s i t e  instead o f  a s i x - s i t e  model 
which i s  commonly used [10 ,  11].  By doing so ,  we expect that  the 
computation time can be considerably  reduced, e s p e c i a l l y  for  poly  
aromatic hydrocarbons, so th at  s t a t i s t i c a l  mechanical s tu d ies  for  
more complicated hydrocarbons become f e a s i b l e .  By using an an iso ­
t r o p ic  model for aromatic r ings ,  naphthalene, for  example, can be 
assumed as a dumbell of  an iso tropic  s i t e s ,  and toluene can be 
assumed as a combination of  an an iso trop ic  s i t e  and a spherical  
Lennard-Jones s i t e .
In t h i s  study, we divided our th eo r e t i c a l  work into  4 major 
s teps  and they w i l l  be d iscussed  su c c e s s iv e ly  in chapters 2, 3,  4,  
and 5, r e s p e c t iv e ly  which are in essence  published work for  each 
step.
In chapter 2, we studied the gaussian overlap poten t ia l  model, 
a simple model th at  can p o ss ib ly  be used for  axisymmetric mole­
c u l e s ,  for  example benzene ( o b l a t e ) ,  and diatomic molecules ( n i t r o ­
gen, oxygen, e t c . ) .  Here, we generated molecular dynamics simula­
t io n  data for  both ob la te  and pro late  molecules,  and then used 
those  data to  t e s t  an e x i s t i n g  non-spherical based perturbat ion  
theory (F i s c h e r ' s  th eo ry ) ,  and an introduced sp h er ica l ized  poten­
t i a l  method (SPM). This work has been published in reference [12] .
In chapter 3,  we s tudied the modified gaussian overlap poten­
t i a l  model, a more r e a l i s t i c  model for  axisymmetric molecules.  
Here, we did the same th ings  as those  in chapter 2,  which are 
generat ing molecular dynamics simulation data for oblate  and pro­
la t e  molecules ,  and using those data to  t e s t  F ischer 's  theory, and 
the sp h er ica l ized  po ten t ia l  method. This work has been published  
in reference [13] .
In chapter 4,  we used the modified gaussian overlap poten t ia l  
to  model the benzene molecule. We t e s t e d  the model by comparing 
the molecular dynamics s imulat ion r e s u l t s  with the l i t e r a t u r e  
experimental data. The comparison a l so  g ives  the values o f  the 
parameters in the modified gaussian overlap p o ten t ia l  model. The 
e f f e c t s  of  quadrupole-quadrupole in tera c t io n s  were a l so  studied.  
We a lso  compared the r e s u l t s  of  modeling benzene by the modified  
gaussian overlap p o ten t ia l  with those by the s i x - s i t e  poten t ia l  
model. This work has been published in reference  [14] .
In chapter 5, we modeled the naphthalene molecule as a dumbell 
with modified gaussian overlap poten t ia l  s i t e s .  We te s t e d  t h i s  
model by performing molecular dynamics s imulat ions ,  and comparing 
the r e s u l t s  with the experimental data from the l i t e r a t u r e .  The 
values  of  the  parameters in the modified gaussian overlap p o ten t ia l
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model were obtained from th ese  comparisons. The e f f e c t s  o f  quadru- 
polar in tera c t io n s  were a l s o  studied. We added a quadrupole moment 
on each of the modified gaussian overlap s i t e s .  Comparison o f  the  
r e s u l t s  from those  models with those  from the t e n - s i t e  model were 
a lso  presented. We a lso  performed s imulat ions of  the l iq u id  s tru c ­
tures .  Furthermore, in t h i s  chapter,  we explored the use o f  F i s ­
cher 's  theory and the s p h er ica l ized  p o ten t ia l  method, for  dumbells 
with modified gaussian overlap p o ten t ia l  s i t e s ,  and then t e s t e d  the  
r e s u l t s  with the molecular dynamics simulation data th a t  were 
s p e c i a l l y  generated for  t h i s  purpose. This work as presented here 
has been published in reference [15] .
The experimental s t u d i e s ,  which are based on ca lorimetry ,  are 
discussed  in chapter 6 and 7. In chapter 6,  we studied the s o l i d -  
l iq u id  phase diagrams o f  three binary systems of  aromatic hydrocar­
bons (f luorene-dibenzofuran , dibenzothiophene-dibenzofuran, and 
fluorene-dibenzothiophene) .  Those phase diagrams were obtained  
using a C-80 Setaram Calorimeter,  which works on the bas is  o f  the  
Tian-Calvet  p r in c ip le .  This work has been published in reference  
[16] .
In chapter 7, we reported our measurements of  heats  o f  fusion  
and heat c a p a c i t i e s  o f  s o l i d  and l iq u id  aromatic hydrocarbons. 
These data were primarily  intended to  support s o l i d  s o l u b i l i t y  
s tu d ies  of  aromatic hydrocarbons th a t  are a l so  being conducted at  
the Louisiana State  Univers i ty .  The C-80 Setaram Calorimeter was 
again used for the measurements. This work has been published in 
reference [7 ] .
The chemicals s tudied in the th eo r e t i c a l  work are r e l a t i v e l y  
simple compared to  those in the experimental work. This i s  because 
t h eo r ie s  and f e a s i b l e  s imulat ion techniques for  complicated mole­
cu le s  were un t i l  now unavailable .  The development of  th eor ie s  and 
s imulat ion techniques i s  s t i l l  in progress ,  and here,  we are try ing  
to  contr ibute  to  th at  development. The chemicals studied in our 
th e o r e t i c a l  work, naphthalene for  example, are r e l a t i v e l y  compli­
cated molecules for  present  day s t a t i s t i c a l  mechanical s tu d ies .  We 
b e l i e v e ,  however, that  in the fu ture ,  s t a t i s t i c a l  mechanical 
s tu d ie s  for complicated aromatic hydrocarbon molecules w i l l  be
8
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Chapter 2
Simulation and Theory of  Gaussian Overlap 
Potentia l  Fluids
2 .1 .  Introduction
Considerable l i t e r a t u r e  e x i s t s  invo lv ing  computer simulat ions  
[1 ]  and s t a t i s t i c a l  mechanical th eor ie s  [1 -5 ]  for  f l u i d s  of  non- 
spherical molecules o f  which l in ea r  axisymmetric molecules are a 
spec ia l  c l a s s .  Usually the poten t ia l  models considered for  model­
ing these  f lu id s  are e i t h e r  the s i t e - s i t e  model [1]  or the genera l­
ized Stockmayer model [1 ] ,  Also o f  i n t e r e s t  are the papers by 
Berne and Pechukas [ 6 ] ,  MacRury e t  a l . [ 7 ] ,  Kushick and Berne [ 8 ] ,  
and Gay and Berne [9 ]  who have considered the use o f  a gaussian  
overlap model p o t e n t i a l ,  for  both prolate  and obla te  molecules,  for  
modeling f l u i d s  such as nitrogen, carbon-dioxide,  and benzene.
In the gaussian overlap model, molecules are considered to  be 
axisymmetric e l l i p s o i d s ,  whose charge dens i ty  i s  assumed to  be 
gauss ian,  and i t  i s  assumed th at  when the d i s t r ib u t io n s  overlap  
s l i g h t l y ,  the pair  p o ten t ia l  i s  proportional to the overlap volume 
in tegra l  of  the d i s t r ib u t io n s  [3 ] .  The o r ig in a l  model i s  be l ieved  
to  g ive  a reasonable o r ien ta t io n  dependence of  the pair  poten t ia l  
uCm-jU^), however, the r-dependence i s  not r e a l i s t i c .  Berne and 
Pechukas [6 ]  have improved t h i s  by using a Lennard-Jones(12:6) 
p o ten t ia l  for  the r-dependence. The model i s  thus a three  parame­
te r s  one {eQ,CTo ,x} where x determines the shape, pro late  or ob la te ,
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of  the molecules [6 ] .  The Kihara core p o ten t ia l  [3 ,10 ]  a lso  has 
s im i la r  f e a tu re s ,  however, we do not consider t h i s  model s ince  i t  
requires  d i f f i c u l t  computations.  In comparison, the gaussian  
overlap p o ten t ia l  provides a simple a n a ly t i c  express ion for  model­
ing f lu id s  of  nonspherical molecules.  The model o f  Berne and 
Pechukas [6 ]  has been further  ref ined  by Gay and Berne [9 ] .
The gaussian overlap p oten t ia l  has been used to study the 
second v i r i a l  c o e f f i c i e n t  [7 ]  and the i so trop ic -nem at ic  phase 
t r a n s i t i o n  [ 8 , 9 ]  in l iq u id  c r y s t a l s .  Monson and Gubbins [11] have 
studied the local  s tructure  and thermodynamics o f  f l u i d s  o f  prola te  
and oblate  molecules through Monte Carlo s imulat ions .  In addit ion ,  
Monson and Gubbins have a l so  applied the perturbat ion theory of  
Kohler e t  a l^ [12] to these  f l u i d s ,  based upon the Mo and Gubbins
[13] gen era l i za t io n  of  the successfu l  Weeks-Chandler-Anderson [1 4 ] ,  
WCA, perturbat ion theory. The perturbation theory, while only 
moderately success fu l  for  thermodynamic pro p er t ie s ,  i s  q u a l i t a t i v e ­
ly  correct  and p red ic ts  well  many feature  o f  thermodynamics as well  
as local  s tructure  in th ese  f l u i d s  [11] .  Recently,  Kabadi and 
S t e e l e  [15 ,16]  have studied in considerable  d e ta i l  the local  s truc ­
ture  and thermodynamics o f  these  f l u i d s  and have a lso  developed a 
simple perturbation theory based upon the spherical harmonics 
expansion o f  the pair  d i s t r ib u t io n  funct ion ,  gCno-jU^).
In t h i s  chapter we report on our e f f o r t s  to  in v e s t ig a te  ther­
modynamic propert ies  o f  these  f l u i d s ,  not only by molecular dynam­
i c s  s imulat ion, but th e o r e t i c a l  methods as w e l l .  We have u t i l i z e d  
a modified form, proposed by Kabadi and S t e e le  [1 5 ] ,  o f  the gaus­
s ian  overlap p o t e n t ia l .  This form i s  simpler to use and Kabadi and
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S t e e l e  [15] have shown i t  to  produce r e s u l t s  for  thermodynamic 
p ropert ies  qu ite  c lo s e  to  the or ig ina l  Berne and Pechukas [6 ]  model 
for  which l im ited  r e s u l t s  of  Monson and Gubbins [11] are a v a i la b le .  
We have applied the perturbation theory of  Fischer [17]  which i s  
s im i la r  to and more powerful than the perturbation theory of  Kohler 
e t  a l . [12] .  This theory has been used to  p red ic t  [1 7 ,18 ]  thermo­
dynamic propert ies  o f  f l u i d s  o f  dumbells qu ite  well and has a lso  
been used to  model f l u i d  mixtures [19 -24] .  Recently there  has been 
some i n t e r e s t  in developing sp h er ica l ized  p o t e n t ia l s  [25-34]  to  
p red ic t  thermodynamic proper t ie s  o f  f l u i d s  o f  nonspherical mole­
c u le s .  Of spec ia l  i n t e r e s t  i s  the paper by MacGowan [25]  and by 
u t i l i z i n g  some of  these  ideas  we have proposed and t e s t e d  a spher i ­
c a l i z e d  po ten t ia l  to  p red ic t  thermodynamic p r o p e r t ie s ,  o f  not only 
the f l u i d s  modeled through the gaussian overlap p o t e n t i a l ,  but a lso  
the Lennard-Jones quadrupolar p o ten t ia l  as w e l l .
In the next s ec t io n  we d iscuss  the th e o r e t i c a l  development and 
necessary der iva t ion s .  In s ec t io n  2 .3 ,  we d iscu ss  simulat ion  
methodology and report  r e s u l t s  not only for  gaussian overlap pro­
l a t e  and ob la te  f l u i d s ,  but a lso  for  the reference  f l u i d  according  
to  the perturbation theory o f  Fischer [17] .  In s ec t io n  2 . 4 ,  we 
compare r e s u l t s  from various sources for thermodynamics and s truc ­
ture  in these  f l u i d s .
2 .2 .  Theoretical Development
For a pair  o f  molecules with o r ien ta t io n s  uĵ  and with 
respec t  to R, the un i t  vector  along the molecular centers  of  mass,
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the gaussian overlap p o ten t ia l  of Berne and Pechukas [6 ]  i s  given 
by
0 (u)-.u)9) 12 a(u)..u)9) 6
4»(rWlu»2) = 4e(u)1u)2) { ( -----±_£_) -  ( ----- p - )  } ( 2 .1 )
This equation simply descr ibes  the Lennard-Jones (12:6)  form of  the 
r-dependent pair  p o ten t ia l  whose parameters e and cr depend upon 
molecular o r ien ta t io n s .  These parameters are given by
s ^ u ^ )  = eQ [1 - x2 (vx * v2 ) 2] ( 2 .2 )
and
v  ( R - v ,  +  R * v ?) 2 ( R - v n -  R - v ? ) 2 
a ^ U ) ^ )  = a  (1  " £  .------ -f----------r + —=--------- 7----------r ]}
1 2 '  0 1 2 1 + x  C ^ ' V g )  1 - X ( ^ ‘ Vg)
( 2 .3 )
where v^ and v2 are the unit  vectors  along the symmetry axes of
these  molecules.  Here £q and ctq are constants  and, in some ways,
provide a measure of  the a t t r a c t iv e  in tera c t io n s  and the s i z e  of
molecules.  The anisotropy parameter, x i s  defined as
X = ( 2 .4 )
( k 2 + 1 )
where k i s  the length to  breadth ra t io  of  these  molecules such that  
k > 1 for pro la te  and k < 1 for  obla te  molecules.  Thus 1 > x  > 0 
for  pro late  molecules and - 1  < x < 0 for obla te  molecules.  For 
spheres k = 1 leads to  x = 0 and equation ( 2 .1 )  simply reduces to  
the Lennard-Jones (12:6)  pair  poten t ia l  for  spherical  molecules.  
To model real f lu id s  of  nonspherical molecules,  k = 0 .5  i s  used for
14
benzene- like  molecules [7 ]  whereas k = 1 .3  i s  used for nitrogen [7]  
and k = 1.55 for  e th a n e- l ik e  molecules.
Equations ( 2 .1 )  and ( 2 .4 )  def ine  a f l u i d  whose molecules are 
symmetric around the molecular ax is .  This model has cer ta in  d e f i c ­
i e n c i e s  as pointed out by Gay and Berne [9 ]  who have proposed 
ref inements.  Even then t h i s  model i s  s u f f i c i e n t l y  r e a l i s t i c  and 
th eo r ie s  d iscussed here are s u f f i c i e n t l y  general to apply to  other  
s im i lar  p o t e n t ia l s  and a lso  to  f lu id s  of  nonlinear molecules.  
Kabadi and S tee le  [15] suggest  that  or ien ta t io n  dependence o f  the 
energy parameter s Ojû )  i s  a weak function  o f  molecular o r ien ta ­
t io n s .  Thus neg lec t ing  the o r ien ta t ion  dependence in equation 
( 2 . 2 )  we obtain
eO^u^) = eQ ( 2 .5 )
This modif icat ion o f  the gaussian overlap p oten t ia l  i s  refered to  
as the GOCE p oten t ia l  [15] .  In order to  be c o n s i s t e n t  with simula­
t io n  s tud ies  of  Kabadi and S tee le  [15] we have used equation (2 .5 )  
in our simulat ions instead of  equation ( 2 . 2 ) .  Kabadi and S tee le  
have shown that  use of  equation ( 2 .5 )  instead of  equation (2 .2 )  
does not change r e s u l t s  for  thermodynamic propert ies  much and our 
s imulat ions  have a lso  shown t h i s  to  be correct .
The thermodynamic perturbation theory of  Fischer [17] can be 
applied to t h i s  system in a simple way. The f u l l  intermolecular  
p o t e n t ia l ,  ^ ( n u ^ ) , can be divided into  two par ts ,  a "repulsive" 
reference part <J>Q and an "attractive" perturbat ion part such 
that
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<t>(ru)-̂ u>2) = ^(ruD-jU^) + K ^(ru^to,,) (2 .6)
where K i s  the perturbation parameter [35] .  The perturbation  
expansion o f  Zwanzig [36]  can then be applied to the res idual  
Helmholtz free  energy
A = Aq + Ax + . . . ( 2 .7 )
where Aq i s  the res idual  Helmholtz free  energy of  the f l u i d  def ined  
by the reference  p o t e n t i a l ,  $ . The f i r s t - o r d e r  perturbat ion term, 
A p i s  given by [3]
A1 = ^2 f  g0 (n ju1uj2 ) > dr ( 2 .8 )
Here angle brackets denote averaging over and u^.
In our c a lcu la t io n s  we have used a WCA-type s p l i t  of  the f u l l  
p o ten t ia l  according to Mo and Gubbins [13]
= 0 r > rmin(u*lw2)
( 2 .9 )
and
V ' V V  = 4>,nin(u,l “,2) r < rmin(uY"2)
= r > r ^ G ^ )
(2.r;
Here rm. (u),uu) i s  the r locat ion  o f  the a t t r a c t i v e  minimum of  the  min 1 2
f u l l  pair  p o t e n t ia l ,  <l>(ruyi>2 ) ,  for  a given and u)2 and ^ ^ C w ^ )  
i s  the minimum value of  the p o t e n t ia l .  For the case o f  a potent ia l  
given by equation ( 2 . 1 )  we have
An angle-averaged rep u ls ive  spherical  p o ten t ia l  i s  then in t r o ­
duced
A
e - p * ( D  = < e- p * 0 ( ™ 1«>2 ) > ( 2  1 2 )
and the Percus-Yevick equation i s  so lved numerically for  the repul-
A
s iv e  spheres to obtain the background co rr e la t io n  funct ion ,  y ( r )  =
A A
g(r)exp(p<t>(r)). I t  has been shown th at  the Percus-Yevick equation  
works qu ite  well for  f l u i d s  o f  s o f t - r e p u l s iv e  spheres even at  high 
d e n s i t i e s  and correct ions  such as those  applied for the case  of  
hard spheres [38] are not needed. The o r ien ta t io n  dependent pair  
co rr e la t io n  function i s  approximately given by
go(ru)1u)2 ) = J ( r )  e"P<5>o(ru)l U)2) (2 .1 3 )
Equation (2 .1 3 )  i s  an approximation th at  i s  shown to work well not 
only for  the nonspherical reference  systems in the case o f  nonpolar 
nonspherical [11 ,17]  molecules but a lso  for  the case of  simple  
polar molecules [38] .  Equation (2 .1 3 )  can be su b s t i tu ted  in ( 2 .8 )  
to  obtain
Ai = ^  J <4>̂ (ru>-|U>2) e ^ o ^ m l w2^> y ( r )  dr (2 .1 4 )
In order to  obtain the free  energy of  the reference system we 
approximate our reference  potent ia l  with that  o f  a h a r d - e l l ip s o id  
having the same length to  breadth r a t i o ,  k . The s i z e  of  t h i s  hard 
e l l i p s o i d  can be obtained from the b lip-expansion [3]
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J y(r )  [<e"p4>o (ru)l u,2) > - <e- ^HE>] dr = 0. (2 .1 5 )
This equation requires  a numerical so lu t io n  and we have used the
h a l f - in t e r v a l  method for  t h i s  purpose. In addit ion ,  the contact
d i s t r ib u t io n  funct ions  for  the h ard -e l1ipso id s  are needed and these
are a v a i la b le  [3 9 ,4 0 ] .  Once the s i z e  of  the h a r d - e l l ip s o id  i s
known, the hard convex body equation of  s t a t e  o f  Boublik and Nez-
beda [41] can be used to  obtain A . This combined with fromo 1
equation (2 .1 4 )  r e s u l t s  in the residual Helmholtz free  energy of  
the f l u i d  with the f u l l  intermolecular pair  p o t e n t ia l .
We have a l s o  explored the use of a sp h er ica l ized  po ten t ia l  
[ 2 , 4 , 3 2 ]  such as the Reference Average Mayer function theory and 
the median po ten t ia l  as well  to pred ic t  thermodynamic propert ies  of  
f l u i d s  o f  nonspherical molecules.  The median poten t ia l  theory 
p red ic ts  thermodynamic propert ies  o f  diatomic f l u i d  quite  well  
v i s - a - v i s  simulat ion and other methods [ 2 5 ,2 9 ,3 0 ] .  Some of  i t s  
advantages and disadvantages have a l so  been pointed out [3 3 ,4 2 ] .  
In a recent paper,  MacGowan [25] has discussed  separate  s p h e r ic a l i -  
zat ion  o f  a t t r a c t i v e  and repuls ive  parts of  nonspherical pair  
p o t e n t ia l .  This i s  in t e r e s t in g  due to  the fa c t  th at  a t t r a c t i v e  and 
rep u ls ive  in ter a c t io n s  tend to  have d i f f e r e n t  e f f e c t s  on the s tr u c ­
ture  and thermodynamics o f  dense f l u i d s .  We have appl ied t h i s  idea  
to  the Boltzmann angle averaging method of  Smith and coworkers [43]  
to  study f l u i d s ,  of  not only the gaussian overlap p o t e n t i a l ,  but 
the quadrupolar Lennard-Jones p o ten t ia l  as w e l l .
We f i r s t  d iv ide  the nonspherical intermolecular p o ten t ia l  into  
a t t r a c t i v e  and rep u ls ive  parts according to  the Barker-Henderson
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d iv i s io n  [44] which was f i r s t  used for  f lu id s  o f  spherical mole­
c u le s .  Thus we obtain
i f  (Km-jU^) > 0 
otherwi se
(2 .1 6 )
and
^ ( n u ^ )  =
= 0
i f  (K n u -jU ^ )  < 0 
otherwi se
(2 .17 )
The a t t r a c t i v e  and rep u ls ive  part are separate ly  sp h er ica l ized  such 
that
The terms $ and $ ,  thus obtained are combined to  obtain a spheri-  o 1
c a l i z e d  p o t e n t i a l ,  $.  Properties  of  the f l u i d  are then obtained by 
applying a simple WCA-type perturbation theory o f  Fischer [17] to  
the sph er ica l ized  p o t e n t ia l .
Results  from the above sp h er ica l ized  p o ten t ia l  method, SPM, 
and the perturbation theory o f  Fischer [17] are compared with our 
computer simulat ion r e s u l t s  in s ec t io n  2 .4 .  In the next sec t io n  we 
discuss  the molecular dynamics computer simulat ion methodology for  
f l u i d s  o f  the gaussian overlap p o t e n t i a l ,  GOCE.
2 .3 .  Molecular Dynamics Simulations
(2 .1 8 )
and
(2 .1 9 )
The t ra n s la t io n a l  as well  as the ro tat ional  equations of
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motion were considered for  these  molecules.  Translational equa­
t io n s  o f  motion are given by the Newtonian equations [45]
m-r. = F. (2 .20 )
The rotat ional  equations are given by the Eulerian equations [45]  
in terms of  the  pr incipal axes o f  i n e r t ia
x nx + « * - V  V z = rX
y V « x - V  nznx ~  ry (2 .21 )
z «z  + (Iy - I ) Q f t  x' x y
II -1
N
, and r r
X ’ y ’
Vz are the moments of i n e r t i a  andx
torque, r e s p e c t iv e ly ,  in the principal body f ixed  axes [4 5 ] ,  and Q 
denotes the angular v e l o c i t y .  Since r z = 0 for the molecules  
considered here we have so lved only two rotat ional  equations of  
motion. For pro late  molecules we have assumed a diatomic dumbell 
to  obtain the moments o f  i n e r t i a  whereas for obla te  molecules we 
have assumed an obla te  h a r d - e l l ip s o id .
In order to so lve  the rotat ional  equations o f  motion we have 
u t i l i z e d  Hamilton's quaternions [46] for sp ec i fy in g  o r ien ta t ion s .  
Use o f  these  quaternions for  ro ta t ion s  has been shown by Evans [47]  
to  be free  o f  s i n g u l a r i t i e s  and allows use of  t im e-steps  much 
larger  than those when Eulerian angles are used [48] .  For in tegra­
t in g  the t ra n s la t io n a l  equations o f  motion a f i f t h  order predictor-  
corrector  algorithm was used whereas for rotat ional  equations a 
fourth order algorithm was used [4 9 ,5 0 ] .  Simulations were perform­
ed at  constant temperature using the momentum sca l in g  method [51]  
and per iodic  boundary condit ions  with minimum image applied in a
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s u i ta b le  manner [52] .  A vec tor izab le  form of  the Verlet  neighbor 
l i s t  [53] was used to  reduce the computing time. We have performed 
t e s t  simulat ions to  compare our r e s u l t s  for  pressure and internal  
energy with those o f  Kabadi and S tee le  [15] and found these  to  be 
in good agreement.
We have simulated three types of  f lu id s  using the gaussian 
overlap p o t e n t i a l ,  GOCE, with k = 0 . 5 ,  1 .3 0 ,  and 1.55 with 256 
p a r t i c l e s  in NVT s imulat ions .  For these  f l u i d s  an a-FCC l a t t i c e  
was used as the i n i t i a l  configurat ion  and an e q u i l ib r a t io n  period  
of  800 t im e-s teps  was used to  melt the l a t t i c e  and remove any
e f f e c t s  of  the startup procedure. A t im e-s tep ,  At = 0.002
At = 0.0015 was used for  other an iso tro p ie s .  Production runs were 
performed for  8,000 t im e-s tep s  for  each s t a t e  po int.  Systematic  
simulat ions were performed for  each isotherm in order to  enable us 
to compute the res idual Helmholtz free  energy from thermodynamic 
in tegra t ion  [54] according to the equation
For low temperatures,  we a l so  had to  u t i l i z e  the Gibbs-Helmholtz 
equation [54] in addit ion to  (2 .2 2 )
A truncated po ten t ia l  was used for s imulat ions with r  ̂ = 
2 .35 ,  3 .2 ,  and 3 .2  <jq for  k = 0 . 5 ,  1 .30 ,  and 1 .55 ,  r e sp e c t iv e ly .  
Tail correct ions  were applied to  time averages of  thermodynamic
* 2 i-
( t  = t/(mcro / e Q ) 2) was used for  k  = 1 .3  simulation whereas
AA/NkT = J (z  ^ 1) dp ( 2 . 22)
/ 9 (A/NkT)\
I a (1/T) I
(2 .23 )
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propert ies  by approximating the potent ia l  beyond the c u t - o f f  as on 
“6a t t r a c t i v e  r spherical poten t ia l  and assuming g (r )  to  be unity  
beyond the c u t - o f f  [52] .  Results for pressure ,  configurat ional  
internal energy, and the residual  Helmholtz f ree  energy are shown 
in ta b le s  2 . 1 - 2 . 3  for  various a n iso trop ies .  We b e l iev e  our pres­
sure and Helmholtz free  energy r e s u l t s  are accurate to within 1% 
and the internal energy r e s u l t s  within 0.3%.
We have a l so  used molecular dynamics s imulations  to obtain
thermodynamic propert ies  o f  the reference  system given by equation
( 2 . 9 ) .  Simulating the reference f l u i d  has allowed us to c a lc u la te  
Aq and in equation ( 2 . 7 )  d i r e c t l y ,  thus,  a llowing us to t e s t  the  
v a l i d i t y  o f  expansion ( 2 . 7 )  and the reference ( 2 .9 )  d i r e c t l y
through simulat ion. The Helmholtz free  energy of the reference  
f l u i d ,  Aq , was c a lcu la te d  by applying again, thermodynamic in tegra ­
t io n  to pressure isotherms of  the reference  f l u i d .  The f i r s t - o r d e r  
term, A^, was evaluated d i r e c t l y
A1 = ^l^NVT (2 .2 4 )
where angle brackets denote time-average or ensemble average and <1>̂ 
i s  given by equation (2 .1 0 ) .  Results from reference f l u i d  simula­
t io n s  are shown in ta b le  2 .4 .  We b e l i e v e  our r e s u l t s  for  A to beo
accurate within  1% while  Â  i s  accurate within 0.5%.
All th ese  computations were performed on an IBM-3090 Vector 
F a c i l i t y  at  the  Cornell National Supercomputer Center using double 
prec is io n  ar i thm et ic .  The program was s u b s t a n t ia l ly  vectorized  
using the VS Fortran 2 . 1 . 1  compiler with the i n t r i n s i c  vector ized  
square root algorithm. A vector  to  sca lar  speed up of  2 .2  was
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Table 2.1: Molecular dynamics simulat ion r e s u l t s  for  the gaussian
overlap f l u i d  with k = 1 .3 .  Here T* = KT/eo , p*= paQ3 ,
p* = pa3/ e  , and U* = U/s . o o  o
T* P* P* u*
A
NkT
3.00 0.10 0.303 -0 .774 0.002
0.20 0.640 -1 .5 5 0.026
0.30 1.13 -2 .3 0 0.087
0.40 1.98 -3 .0 3 0.210
0.45 2.64 -3 .3 7 0.305
0.50 3.58 -3 .6 6 0.428
0.55 4.83 -3 .9 1 0.584
0.60 6.48 -4 .1 1 0.780
0.65 8.73 -4 .2 1 1.02
0.70 11.6 -4 .2 3 1.32
2.00 0.10 0.172 -0 .869 -0 .153
0.20 0.320 -1 .69 -0 .271
0.30 0.537 -2 .5 2 -0 .339
0.40 0.938 -3 .3 4 -0 .339
0.45 1.30 -3 .7 4 -0 .303
0.50 1.84 -4 .1 1 -0 .237
0.55 2.67 -4 .4 6 -0 .131
0.60 3.77 -4 .7 8 0.021
0.65 5.46 -4 .9 9 0.232
0.70 7.74 -5 .12 0.515
1.50 0.10 0.107 -0 .955 -0 .329
0.20 0.159 -1 .82 -0 .587
0.30 0.196 -2 .6 8 -0 .794
0.40 0.368 -3 .5 2 -0 .939
0.45 0.528 -3 .9 5 -0 .976
0.50 0.895 -4 .3 7 -0 .979
0.55 1.42 -4 .7 7 -0 .938
0.60 2.30 -5 .1 3 -0 .841
0.65 3.59 -5 .4 3 -0 .6 7 4
0.70 5.47 -5 .6 4 -0 .422
1.00 0.50 -0 .135 -4 .6 4 -2 .49
0.55 0.092 -5 .1 0 -2 .5 9
0.60 0.664 -5 .5 3 -2 .63
0.65 1.53 -5 .9 1 -2 .5 7
0.70 2.91 -6 .2 3 -2 .3 2
1.20 0.50 0.285 -4 .5 3
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Table 2.2: Molecular dynamics simulation r e s u l t s  for  the gaussian
overlap f l u i d  with k = 1.55.
A
p* P* u* NkT
0.10 0.102 -1 .1 4 -0 .348
0.20 0.145 -2 .2 3 -0 .633
0.30 0.229 -3 .2 9 -0 .851
0.40 0.604 -4 .3 6 -0 .940
0.45 1.13 -4 .8 6 -0 .903
0.50 2.00 -5 .3 0 -0 .785
0.55 3.40 -5 .6 6 -0 .562
0.60 5.53 -5 .9 0 -0 .208
0.40 -0 .171 -4 .6 3 -2 .4 4
0.45 0.064 -5 .2 0 -2 .5 8
0.50 0.569 -5 .7 2 -2 .6 2
0.55 1.53 -6 .2 0 -2 .5 4
0.60 3.27 -6 .5 1 -2 .2 8
0.40 0.167 -4 .5 1
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Table 2.3: Molecular dynamics s imulat ion r e s u l t s  for the gaussian
overlap f l u i d  with k = 0.50.
A
p* P* u* NkT
0.20 0.226 -0 .848 -0 .276
0.40 0.337 -1 .66 -0 .510
0.60 0.421 -2 .4 0 -0 .708
0.80 0.536 -3 .1 5 -0 .869
1.00 0.934 -3 .89 -0 .977
1.20 2.05 -4 .6 3 -1 .0 1
1 .40 4.49 -5 .33 -0 .920
1.50 6.36 -5 .6 4 -0 .818
1.60 9 .21 -5 .8 9 -0 .669
1.70 12 .8 - 6 .1 1 -0 .464
1.20 -0 .485 -4 .9 5 -2 .6 1
1.40 0.645 -5 .7 3 -2 .77
1.50 1.87 -6 .1 0 -2 .7 8
1.60 3.70 -6 .4 3 -2 .7 3
1.70 6.54 -6 .7 0 -2 .6 1
1.20 1.20 0.540 -4 .8 2
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obtained which i s  mostly independent of  the system dens ity .  The 
o r ig ina l  sca lar  program was modified in a manner s im i lar  to  th at  o f  
Brode and Ahlrichs [5 5 ] ,  however, the vector  lengths  were kept 
c l o s e  to 128 which i s  the optimum choice for  the machine used.
2 .4 .  Results and Discuss ion
In ta b le  2 . 4 ,  we compare the res idual  Helmholtz free  energy,  
A/NkT, obtained from molecular dynamics s imulat ions using the f u l l  
gaussian overlap poten t ia l  with predic t ion s  v ia  equation ( 2 .7 )  from 
molecular dynamics s imulat ions  using the reference f l u i d  of  equa­
t io n  ( 2 .9 )  and p red ic t ion s  o f  perturbat ion theory. Results from 
the two d i f f e r e n t  types o f  s imulat ions compare well a t  medium as 
well  as high d e n s i t i e s  for  both k = 0 .5  and 1 .55 .  Simulating the  
reference  f l u i d  al lows us to  determine r igorously  the terms in 
equation ( 2 . 7 ) .  While the computational errors do play some role  
in these  comparisons, we reach the obvious conclusion th at  the  
f i r s t - o r d e r  perturbation expansion given by equation ( 2 . 7 ) ,  along 
with equations ( 2 .9 )  and (2 .1 0 )  as the reference  and perturbation  
p o t e n t i a l s ,  work well for  these  f lu id s .
Quanti tat ive  comparison of  perturbat ion theory with e i t h e r  of  
the s imulat ions  i s  not good. A comparison with f u l l  potent ia l  
r e s u l t s  shows th at  perturbation theory c o n s i s t e n t ly  pred ic ts  a 
s l i g h t l y  l e s s  negative value of the free  energy. A b e t ter  under­
standing of  theory i s  obtained by comparing the terms Aq and Â  in 
the perturbation expansion when these  are obtained from simulation  
and theory. Predic tions  o f  Aq from theory compare well  with simu-
Table 2.4: Molecular dynamics simulation r e s u l t s  using the f u l l  gaussian overlap potent ia l
(MDFull) and using the reference  p o t en t ia l .  Also shown are r e s u l t s  from the  
perturbat ion theory (PT).
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K = 0 .5 ;  T = 1 .5
0.20 0.384 0.257 -0 .472 -0 .215 0.266 -0 .477 -0 .211 -0 .276
0.40 1.00 0.567 -1 .0 1 -0 .441 0.576 -0 .999 -0 .424 -0 .510
0.60 1.97 0.932 -1 .5 8 -0 .648 0.940 -1 .56 -0 .620 -0 .708
0.80 3.44 1.36 -2 .19 -0 .832 1.37 -2 .15 -0 .778 -0 .869
1.00 5.68 1.87 -2 .84 -0 .966 1.89 -2 .76 -0 .869 -0 .977
1.20 9.09 2.49 -3 .50 -1 .0 1 2.51 -3 .37 -0 .860 -1 .0 1
1.40 14.2 3.23 -4 .1 8 -0 .942 3.29 -3 .99 -0 .702 -0 .920
1.50 17.7 3.67 -4 .5 1 -0 .841 3.74 -4 .29 -0 .550 -0 .818
1.60 21.7 4.15 -4 .8 4 -0 .696 4.25 -4 .60 -0 .347 -0 .669
1.70 26.8 4.68 -5 .1 7 -0 .493 4.83 -4 .89 -0 .060 -0 .464
K
*
= 0 .5 ;  T = 1.0
1.20 6.65 2.69 -5 .26 -2 .57 2.72 -5 .0 4 -2 .33 -2 .6 1
1.40 10.5 3.53 -6 .2 9 -2 .7 6 3.58 -5 .9 6 -2 .37 -2 .77
1.50 13.2 4.02 -6 .79 -2 .7 7 4.10 -6 .4 2 -2 .32 -2 .7 8
1.60 16.5 4.57 -7 .30 -2 .7 3 4 .68 -6 .85 -2 .17 -2 .73




TABLE 2 .4  (continued)
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K = 1.55;  T = 1.5
0.10 0.217 0.421 -0 .696 -0 .275 0.389 -0 .689 -0 .300 -0 .348
0.20 0.627 0.908 -1 .4 8 -0 .569 0.878 -1 .47 -0 .591 -0 .633
0.30 1.41 1.53 -2 .3 6 -0 .830 1.51 -2 .32 -0 .813 -0 .851
0.40 2.87 2.35 -3 .29 -0 .937 2.33 -3 .21 -0 .883 -0 .940
0.45 4.01 2.86 -3 .77 -0 .908 2.85 -3 .6 7 -0 .819 -0 .903
0.50 5.50 3.45 -4 .25 -0 .796 3.46 -4 .12 -0 .660 -0 .785
0.55 7.63 4.14 -4 .72 -0 .578 4.19 -4 .57 -0 .379 -0 .562
0.60 10.4 4.95 -5 .1 8 -0 .222 5.07 -5 .0 1 +0.058 -0 .208
K == 1.55;  T* = 1 .0
0.40 2.08 2.54 -4 .95 -2 .4 1 2.52 -4 .82 -2 .29 -2 .44
0.45 2.96 3.11 -5 .6 8 -2 .5 6 3.10 -5 .50 -2 .39 -2 .5 8
0.50 4.20 3.79 -6 .40 -2 .6 1 3.80 -6 .17 -2 .37 -2 .62
0.55 5.79 4.60 -7 .12 -2 .5 3 4.63 -6 .82 -2 .1 9 -2 .5 4




l a t io n  r e s u l t s  but with pred ic t ion s  c o n s i s t e n t l y  s l i g h t l y  higher.
A comparison of  the f i r s t - o r d e r  terms c l e a r l y  shows a s u b s t a n t ia l l y
larger  d i f fe re n c e  between theory and s imulat ion values with theory
underpredicting the f i r s t  order term. Further,  t h i s  d i f feren ce
grows as the dens i ty  increases  and temperature decreases .  We point
out that  c a l c u la t io n s  o f  Â  values  are much more accurate than
those  of A .o
The above comparison c l e a r l y  shows th a t  our adaptation of  the  
perturbation theory of  Fischer to  evaluate  Aq i s  acceptable  in 
s p i t e  o f  the fa c t  th at  reference  molecule has been approximated as 
a h a r d - e l l ip s o id .  The comparison further  po in ts  out that  perturba­
t io n  theory only q u a l i t a t i v e l y  pred ic ts  the f i r s t  order term, A .̂ 
Perhaps some o f  the assumptions made in obtain ing g (ru^u^) c o n t r i ­
bute to  t h i s  and we in v e s t ig a t e  t h i s  aspect  l a t e r  in t h i s  s ec t ion .
Figures 2 . 1 - 2 . 3  show a comparison o f  the residual Helmholtz 
f ree  energy from s im ulat ions  using the f u l l  pa ir  po ten t ia l  as well 
as pred ic t ion s  by the perturbation theory and the sp h er ica l ized  
poten t ia l  method. The trend between simulat ion and the perturba­
t io n  theory i s  s im i lar  to  th at  in ta b le  2 .4  with the f igu res  pro­
vid ing a c lea r  p i c t o r i a l  understanding. For the case of  k = 1 .30 ,  
perturbation theory works well  a t  higher temperature,  however, a t  
low temperature a s l i g h t  but c o n s i s t e n t  dev ia t ion  i s  observed. We 
see  s im i lar  behavior for  other a n iso tro p ie s  with the dev iat ions  
between simulat ion and perturbation theory becoming larger  at  
higher d e n s i t i e s  and lower temperatures.
The sph er ica l ized  p oten t ia l  method works b e t t er  than perturba­
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Figure 2.1: Comparison of the residual Helmholtz free energy, 
A/NkT, obtained from molecular dynamics simulations 
(p o in ts ), perturbation theory (so lid  l in e s ) , and the 
sphericalized potential method (dashed lin es) for 
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Figure 2.2: Comparison of the residual Helmholtz free energy,
A/NkT, obtained from molecular dynamics simulations 
(p o in ts), perturbation theory (so lid  l in e s ) ,  and the 
sphericalized potential method (dashed lin e s )  for 
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Figure 2.3: Comparison o f the residual Helmholtz free energy,
A/NkT, obtained from molecular dynamics simulations 
(p o in ts), perturbation theory (so lid  l in e s ) , and the 
sphericalized potential method (dashed lin es) for 
the gaussian overlap flu id  with k = 0 .5 .
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w e l l ,  q u a l i t a t i v e l y  as well  as q u a n t i t a t iv e ly ,  for prolate  mole­
cu les  with k = 1 .3  and 1.55.  For the case of  oblate  molecules with 
k = 0 .5  there i s  only marginal improvement over perturbation
theory. Even for  t h i s  case however the dev ia t ions  here do not grow 
as f a s t  as those  for  perturbation theory when the dens ity  i s  in ­
creased.
Figures 2 . 4 - 2 . 6  show s im i lar  comparisons for  the case of
pressure.  Since the pressure values  for perturbat ion theory and 
sp h er ica l ized  poten t ia l  method were obtained by numerically d i f f e r ­
e n t ia t in g  the Helmholtz free  energy w . r . t .  den s i ty ,  t h i s  comparison 
i s  an in d ica t ion  of  the slope  of curves in f igu res  2 .1 - 2 .3 .  The 
comparison for k = 1.3  i s  again good for  both the perturbation
theory and the sp h er ica l ized  poten t ia l  method. For other c a se s ,
perturbation theory c o n s i s t e n t ly  overpredicts  the pressure and t h i s  
over pred ic t ion  grows in comparison with simulation as the dens ity  
increases  or the temperature decreases .  Similar behavior was a lso  
observed by Monson and Gubbins [11] where the pressure was c o n s i s ­
t e n t l y  underpredicted by the perturbation theory and dev iat ions  
increased with increasing dens i ty  and decreasing temperature. The 
sph er ica l ized  poten t ia l  method works quite  well in pred ic t ing  
pressures  when compared with simulat ion r e s u l t s  for a l l  three  
molecular a n is tr o p ie s  studied here. I t  i s  in t e r e s t in g  to note that  
when applied to  f lu id s  o f  diatomic molecules both perturbat ion  
theory [3 ,1 9 ]  and the sp h er ica l ized  potent ia l  method [32] show 
s im i la r  dev ia t ions  a t  high d e n s i t i e s  for molecules which are simi­
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Figure 2.4: Comparison of the pressure, P = Pa3/e  , obtained0 0
from molecular dynamics simulations (poin ts), per­
turbation theory (so lid  l in e s ) ,  and the spherical- 
ized potential method (dashed lin e s )  for the gaus- 
sian overlap f lu id  with k *  1 .3 .
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Figure 2.5: Coaparison of the pressure, P 3 Po*/e0, obtained
from Molecular dynamics simulations (p o in ts), per- 
turbation theory (so lid  l in e s ) ,  and the spherical** 
ized potential method (dashed lin e s )  for the gaus- 
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Figure 2.6: Comparison of the pressure, P = Par /̂e obtained o o ’
from molecular dynamics simulations (poin ts), per­
turbation theory (s o lid  l in e s ) ,  and the spherical- 
ized  potential method (dashed lin e s )  for the gaus- 
sian  overlap f lu id  with k -  0 .5 .
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In tab le  2 .5  we show a s im i lar  comparison a lso  for  the c o n f ig ­
urational internal energy, U . Predic t ions  o f  the internal energy 
from perturbat ion theory and the sp h e r ica l ize d  poten t ia l  method 
were obtained by d i f f e r e n t i a t i n g  w . r . t .  £Q/kT the value o f  A/NkT 
through the Gibbs-Helmholtz equation. In addit ion we have a lso  
obtained from simulat ions o f  the reference  f l u i d ,  v ia  equation
( 2 . 7 ) ,  conf igurat ional  internal energy for the cases  shown in tab le
2 .5 .  Su bst i tu t ion  o f  ( 2 . 7 )  into  the Gibbs-Helmholtz equation leads  
to
where i s  obtained from s imulat ion v ia  equation (2 .2 4 ) .  Results  
in ta b le  2 .5  show very good agreement between the two simulation  
r e s u l t s  with pred ic t ion s  from (2 .2 5 )  c o n s i s t e n t l y  smaller by about 
0 .10  which i s  within  the computational error o f  the two methods.
Comparison o f  the perturbation theory with s imulat ion for  
internal energy i s  not so good. Predict ions  by the perturbat ion  
theory are c o n s i s t e n t ly  smaller  and these  dev ia t ions  increase  as 
the dens i ty  increases  for  k = 0 .5  as well as 1 .55 .  We b e l i e v e  that  
dev ia t ions  here are a lso  caused by the underprediction o f  the f i r s t  
order term, A^, in the perturbation expansion ( 2 . 7 ) .  Comparison of  
the sp h er ica l ized  p o ten t ia l  method with simulat ion i s  a l so  s im i lar  
and only marginally b e t t er  than perturbation theory at  lower tem­
peratures.  We point  out th at  for  f l u i d s  of  diatomic molecules  
a l s o ,  s im i lar  behaviour i s  observed when the s p h e r ica l iza t io n  
method o f  MacGowan e t  aK [32] i s  used. Comparison of  perturbation
9(1 /T) (2 .2 5 )
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Table 2.5: Configurational internal energy, U* = U/e , from mole­
cular dynamics s imulations  (MD) compared 8 i t h  r e s u l t s  
from perturbation theory (PT), sp h er ica l ized  poten t ia l  
method (SPM), and perturbat ion expansion with reference  
f l u i d  s imulat ions  (MD-REF)
U*
MD MD-REF PT SPM
K =
*
0 .5 ;  p = 1 .2
1 .0 -4 .9 5 -4 .79 -4 .4 9 -4 .6 4
1 .2 -4 .8 2 -4 .70 -4 .4 1 -4 .4 8
1 .5 -4 .6 4 -4 .55 -4 .2 7 -4 .2 8
K = 0 .5 ;  p* = 1 .7
1 .0 -6 .6 9 -6 .6 0 -5 .8 0 -5 .95
1 .2 -6 .4 5 -6 .37 -5 .6 6 -5 .69
1.5 -6 .1 1 -6 .0 4 -5 .3 6 -5 .33
K = 1.55; p* = 0 .4
1 .0 -4 .6 3 -4 .5 3 -4 .3 7 -4 .4 1
1 .2 -4 .5 1 -4 .4 3 -4 .2 4 -4 .28
1 .5 -4 .3 6 -4 .3 0 -4 .1 1 -4 .11
K = 1.55; p* = 0 .6
1 .0 - 6 .5 1 -6 .4 9 -6 .1 1 -6 .16
1 .2 -6 .2 9 -6 .2 2 -5 .6 7 -5 .87
1 .5 -5 .9 0 -5 .8 2 -5 .2 2 -5 .48
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theory with simulation r e s u l t s  for diatomic f l u i d s  a lso  seems to  
ind ica te  t h i s  [ 5 ] ,  however, systematic  comparisons in t h i s  case  are 
not ava i lab le .
We have further in v es t ig a ted  the cause for  underprediction of
the term by F ischer 's  theory for  the gaussian overlap f l u i d s .
* *
In f igure  2 .7  we show a comparison, for  k = 0 .5  and p = 1 .7  a t  T 
= 1 .0 ,  of pair d i s t r ib u t io n  functions  from the two simulat ions and 
the numerical so lu t ion  of  the Percus-Yevick equation for a s o f t - r e ­
p u ls ive  spherical poten t ia l  def ined by (2 .1 2 ) .
Comparison of  the two simulation r e s u l t s  shows the e f f e c t  of  
a t t r a c t i v e  in tera c t io n s  in these  f lu id s .  We note that pair  d i s t r i ­
bution functions from these  two simulat ions are quite  a l ik e  in the  
f i r s t  peak region and in the shoulder beyond the f i r s t  peak. The 
two r e s u l t s  d i f f e r  in the depth of  f i r s t  minimum and height  of  the 
second peak, however, the r lo ca t io n s  of  these  extrema are s t i l l  
same for  the two. Comparing the numerical s o lu t io n  of  the Percus-  
Yevick equation for  s o f t - r e p u l s i v e  spheres with the simulation  
r e s u l t s  for the reference  f l u i d ,  we observe not only d i f ferences  in 
the peak heights  but a l so  the r lo ca t io n s  o f  these  peaks. Monson 
and Gubbins [11] have a l s o  performed comparisons of  pair  d i s t r ib u ­
t io n  functions for  t h i s  s t a t e  poin t.  Our r e s u l t s  for the g (r )  from 
the Percus-Yevick equation have the f i r s t  peak to  the l e f t  o f  the  
simulation peak whereas Monson and Gubbins have a peak to  the 
r ight .  Comparison with simulation r e s u l t s  using the f u l l  potent ia l  
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Figure 2.7: Comparison of the angle-averaged pair distribution
function, g (r ) ,  from molecular dynamics simulations 
using the fu ll  pair potential (so lid  l in e s ) ,  the 
reference potential (c ir c le s )  and the numerical 
solution of the Percus-Yevick equation for the 
Boltzmann averaged reference potential (tr iangles)  
for p* = 1 .7 , T* = 1.0 and k = 0.5.
i
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I t  has been shown e a r l i e r  [37 ,38 ]  th at  the Percus-Yevick  
equation g ives  good r e s u l t s  for  the pair  d i s t r ib u t io n  function in 
f l u i d s  modeled with s o f t - r e p u l s i v e  spheres ,  thus the only approxi­
mation that  i s  not accounted for in t h i s  comparison i s  the use of  
equations (2 .1 2 )  and ( 2 .1 3 )  to  obtain g (r ) .  We b e l i e v e  th at  these  
two equations combined are not good approximations for  obtaining  
the angle-averaged pair  d i s t r ib u t io n  function  in these  l iq u ids  
modeled by the gaussian overlap p o t e n t i a l ,  GOCE, a t  very high 
d e n s i t i e s  such as those  studied here.  Improvements to th ese ,  
however, can be made by the use of  addit ional terms in (2 .1 3 )  and 
some e x c e l l e n t  references  are a v a i la b le  for  t h i s  purpose [ 3 , 5 ] .  
One could a lso  explore m odif ica t ions  to  the gaussian overlap poten­
t i a l  i t s e l f  to  in v e s t ig a t e  the a p p l i c a b i l i t y  o f  equations (2 .12 )  
and (2 .1 3 ) .
Molecules o f  f l u i d s  such as carbon d iox ide ,  n itrogen,  and 
benzene not only have nonspherical cores but a l so  possess  s i g n i f i ­
cant quadrupole moments. In order to  develop r e l i a b l e  methods for  
pred ic t in g  propert ies  o f  th ese  f l u i d s  i t  i s  important to  t e s t  these  
methods for  quadrupolar in t e r a c t io n s  as well and in ta b le  2 .6  we 
show a comparison o f  s imulat ion and theory for  Lennard-Jones quad­
rupolar f lu id s .  For the f l u i d s  modeled as Lennard-Jones spheres  
with point quadrupoles, r e l i a b l e  molecular dynamics simulat ions  
have been performed r ec e n t ly  by Williams e t  aK [3 8 ] ,  with Helm­
h o l t z  free  energy r e s u l t s  obtained from thermodynamic in teg ra t io n ,  
and th ese  are shown in t a b le  2 .6  along with r e s u l t s  from the l i t e r ­
ature [56] for  the case o f  non polar Lennard-Jones f l u i d  a lso  at  
the same s t a t e  condit ions .
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Table 2.6: Comparison o f  s imulat ion r e s u l t s  for  the Lennard-Jones
quadrupolar f l u i d  with the perturbation theory o f  Koh­
l e r  and Quirke [2]  and sp h er ica l ized  p o ten t ia l  ca lcu-  
*






Simulation This Work Kohler and Quirke
0 .60 0 .0 - 1 . 7 9 t -1 .7 3 -
0 .70 0 .0 -1 .89* -1 .8 6 -
0 .80 0 .0 -1 .84* -1 .8 4 -
0 .85 0 .0 -1 .79* -1 .77 -1 .7 0
0 .60 0.6985 - 2 . 03+ -1 .9 4 -
0.70 0.6985 - 2 . 18+ -2 .1 4 -
0 .80 0.6985 - 2 . 19+ -2 .2 1 -
0.85 0.6985 - 2 . 2 1 + -2 .1 9 -2 .39
0.80 1.397 - 6 . 4 7 + -6 .30 -
0.85 1.397 - 6 .8 0 + -6 .82 -5 .2 1
Reference 56.
Reference 37.
We compare the method of Kohler and Quirke [ 2 ] ,  which i s  
s im i lar  to F ischer 's  perturbat ion theory, with simulation and note 
substant ia l  underpredictions of  the Helmholtz free  energy a t  the  
high quadrupole moment. The spher ica l ized  potent ia l  method works 
quite  well for  these  f l u i d s  and the d i f feren ces  with simulation for  
t h i s  method are probably within the computational errors involved.  
This i s  surpris ing  s in ce  i t  has been suggested [2 5 ,33 ]  that  t h i s  
method f a i l s  when applied to polar f lu id s  with spherical cores .  We 
b e l i e v e  th at  separate s p h e r ic a l i z a t io n  of  a t t r a c t i v e  and repuls ive  
parts  of  the pair  po ten t ia l  to  be the reason for  such a dramatic 
improvement. We a l so  point  out that  c lo se  agreement shown here i s  
as good i f  not b e t t er  than the "Pade" approximant [3]  which in ­
volves  computations o f  second and th ird  order perturbation terms 
and t h i s  can be a complicated task.  This i s  encouraging in view of  
the s i m p l i c i t y  of the sp h e r ic a l i z a t io n  method and c er ta in ly  pro­
vides  incent ive  for a d e t a i l e d  in v e s t ig a t io n .
2 .5 .  Summary
We have performed molecular dynamics s imulat ions to  obtain the  
configurat ional  internal  energy, pressure,  and the residual Helm­
ho l tz  free  energy at  many isotherms for  the gaussian overlap  
f l u i d s .  Molecular shapes studied include both pro late  and obla te  
molecules.  Simulation r e s u l t s  have been u t i l i z e d  to  t e s t  the  
perturbation theory of  Fischer [1 7 ] ,  which i s  based upon a WCA type  
nonspherical reference and the simple sph er ica l ized  poten t ia l  
method.
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Results  from the perturbation theory deviate  from simulat ion  
r e s u l t s  for  the Helmholtz free  energy as the temperature i s  de­
creased or the dens i ty  i s  increased. The spher ica l ized  potent ia l  
method leads to s i g n i f i c a n t  improvements for prolate  molecules  
while  for obla te  molecules ( k  = 0 .5 )  the improvement i s  only mar­
g in a l .  Comparison of  pressure r e s u l t s  show that  the spher ica l ized  
poten t ia l  method works qu ite  well  and i s  much be t ter  than perturba­
t io n  theory for  prolate  as well  as obla te  molecules.  We poin t  out  
th at  perturbat ion theory of  Monson and Gubbins [11] underpredicts  
the pressure whereas the perturbation theory d iscussed here over­
pred ic ts  i t .  Comparisons of  th eor ie s  with simulation for  the 
in ternal energy are good only q u a l i t a t i v e l y  and the spher ica l ized  
p o ten t ia l  method i s  only marginally b e t t er  than perturbation  
theory. I t  i s  i n t e r e s t in g  to  note that thermodynamic predict ions  
of  the sph er ica l ized  p oten t ia l  method for  the gaussian overlap  
f l u i d s  are s im i lar  to those  observed by MacGowan e t  aj.  [32] for  
the case o f  two centered Lennard-Jones diatomic molecules.
Simulations o f  the reference  f l u i d ,  def ined by equation ( 2 . 9 ) ,
and the d ir e c t  evaluat ion of  perturbation terms, Aq and A^, shows
the f i r s t  order perturbation theory with the WCA type nonspherical
reference to be convergent.  Thermodynamic propert ies  obtained from
the reference f l u i d  s imulat ions in conjuntion with the expansion
( 2 . 7 )  compare well with those  obtained from simulat ions using the
f u l l  intermolecular pa ir  p o t e n t ia l .  Comparison of the perturbation
terms, A and A, ,  obtained from reference  f l u i d  simulat ions with  o 1
three  predic ted by the perturbation theory shows dev iat ions  in Â  
to  be s u b s t a n t ia l ly  greater  than deviat ions  in Aq. A comparison of
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the pair  d i s t r ib u t io n  function leads to the p o s s i b i l i t y  that  equa­
t io n  (2 .1 3 )  along with (2 .1 2 )  i s  not a very good approximation for  
these  f l u i d s  and can perhaps be improved by the use of  addit ional  
terms from the y-expansion [3 ]  for  g ( r ) .  Even so we not ice  that  
both th eo r ie s  do provide a good q u a l i t a t i v e  descr ip t ion  of  thermo­
dynamic propert ies  in these  f lu id s  e s p e c i a l l y  the spher ica l ized  
p o ten t ia l  method in the moderate dens ity  regions and i t  would be 
c e r t a in ly  useful to  i n v e s t i g a t e ,  in future ,  the a b i l i t y  of  t h i s  
method to  model thermodynamic propert ies  of  real f lu id s .
The e x c e l l e n t  comparison of  the sp h er ica l ized  poten t ia l  method 
with s imulat ion for the residual Helmholtz free  energy of  Lennard- 
Jones quadrupolar f l u i d s  i s  indeed surpriz ing  in l i g h t  of the fa c t  
that  prev ious ly  only the "Pade" approximant with complicated second 
and th ird  order perturbation terms could be used for  polar f lu id s .  
S im p l ic i ty  o f  the s p h e r ic a l i z a t io n  i s  an incent ive  for us to  inves­
t i g a t e  t h i s  method for  f l u i d s  o f  polar nonspherical cores .  Such 
s tu d ies  are in progress for systems for which simulat ion data i s  
now ava i la b le  [57] .
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Chapter 3
Simulation and Theory of  Modified Gaussian 
Overlap Potent ia l  Fluids
3 .1 .  Introduction
In an e a r l i e r  paper [1 ]  and chapter 2,  we reported our molecu­
la r  dynamics simulation r e s u l t s  for  thermodynamic propert ies  of  
f l u i d s  of  axisymmetric molecules modeled using the or ig ina l  gaus­
s ian  overlap intermolecular pair  poten t ia l  o f  Berne and Pechukas
[2 ] .  These s imulat ion r e s u l t s  were used to  t e s t  our adaptation of  
the nonspherical reference poten t ia l  based thermodynamic perturba­
t io n  theory of  Fischer [3 ]  and a new sp h er ica l ized  potent ia l  method 
based upon ideas from some recent l i t e r a t u r e  [ 4 , 5 ] .  I t  was shown 
th a t  these  methods were q u a l i t a t i v e l y  correct  in comparison with 
s imulat ion r e s u l t s .  Further i n v e s t ig a t i o n s  [1]  o f  the f i r s t  order 
perturbation expansion v ia  s imulat ions o f  f l u i d s  modeled using the  
nonspherical reference  p o ten t ia l  showed the expansion i t s e l f  to  
work well  for  these  f l u i d s  and the dev ia t ions  mainly coming from 
underpredictions of  the f i r s t  order term in the expansion. These 
methods were a l so  used in comparison with e a r l i e r  s imulat ion re­
s u l t s  for  the quadrupolar Lennard-Jones (12:6)  f l u i d s  [6]  and the  
sp h er ica l ized  p o ten t ia l  method was shown to work well  even for  
these  f lu id s  which was indeed surpris ing .
I t  was suggested in the e a r l i e r  paper [1] and Chapter 2 that  
the comparison between these  th eo r ie s  and s imulat ion could be
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improved for  thermodynamic propert ies  i f  a d i f f e r e n t  potent ia l  form 
were used. This understanding comes from the fa c t  th at  these  
th eo r ie s  have worked well  for f l u i d s  modeled using the two-center  
Lennard-Jones p o t e n t ia l s  [ 3 - 5 ] .  The modified gaussian overlap  
p o ten t ia l  o f  Gay and Berne [7 ]  i s  s im i lar  to  the s i t e - s i t e  poten­
t i a l  models in many ways. I t  o f f e r s  an a t t r a c t i v e  a l te r n a t iv e  to  
the use o f  s i t e - s i t e  p o t e n t i a l s  which can be computationally prohi­
b i t i v e  [8 ]  and i s  a l so  more f l e x i b l e  for m odif icat ion  purposes. We 
are in ter e s ted  in using t h i s  and s im i lar  p o t e n t ia l s  [9]  for  model­
ing f l u i d s  o f  nonspherical molecules.
Here we report on s imulat ions  using a s l i g h t l y  modified ver­
s ion  of  the Gay and Berne [7]  p o t e n t ia l .  Since Kabadi [10 ,11]  has 
already studied the microscopic s tructure  in nonpolar f lu id s  of  
th ese  molecules,  in considerable  d e t a i l ,  we focus our e f f o r t s  here 
on thermodynamic p roper t ie s .  In the next s ec t io n  we d iscuss  the  
p o ten t ia l  u t i l i z e d  in t h i s  paper and report our molecular dynamics 
s imulat ion r e s u l t s  as w e l l .  In the l a s t  s ec t io n  we d iscuss  the  
comparison o f  th e o r e t i c a l  methods with simulat ion r e s u l t s  for t h i s  
p o ten t ia l  model. In doing so we omit the development of  the per­
turbation theory and the sp her ica l ized  p o ten t ia l  method studied in 
t h i s  report and r e fer  the reader to  our e a r l i e r  paper [1]  or chap­
t e r  2 for  d e t a i l s  in t h i s  connection.
3 .2 .  Potent ia l  Model and Simulations
For a pa ir  of molecules ,  1 and 2,  the present  vers ion of the 
modified Gaussian overlap p o ten t ia l  o f  Gay and Berne [7]  i s  given
where r i s  the d is tance  between the molecular centers  and u>̂  and 
are the o r ien ta t io n s .  The p o ten t ia l  energy parameter, e ,  and the  
s i z e  parameter, a ,  depend upon molecular o r ien ta t io n s  and are given
where eQ and ctq are constants  and represent the po ten t ia l  energy 
between molecular pa irs  and s i z e  o f  th ese  molecules ,  r e s p e c t iv e ly .  
Here R i s  the unit  vector  jo in in g  the molecular centers  and v^ and 
V£ are the unit  v e c to rs ,  along the molecular axes o f  symmetry, for  
molecules 1 and 2. The anisotropy parameter, x ,  i s  defined as
where k i s  the length to  breadth r a t io  o f  th ese  molecules.  The 
pair  in ter a c t io n  in th ese  molecules i s  thus s p e c i f i e d  by e q , a Q, 
and k .
The above po ten t ia l  d i f f e r s  from th a t  o f  Gay and Berne only in  
o r ien ta t io n  dependence o f  sCui^u^) given by equation ( 3 . 3 )  here.  
The numerator term in equation ( 3 .3 )  i s  in the denominator in the  
p o t e n t ia l  o f  Gay and Berne [ 7 ] .  The above form i s  used here s in ce
by
c K u ) ^ )  =  aQ { 1  -  |  x  [
(R-v-l + R-v2 ) 2 ( R - ^  -  R-v2) 2 _!s
---------- =---  +  "Tu T---1 }
i  +  x  (Y-j/yp i  -  x  (y1 *y2)
and
e G * ^ )  =  e 0  [ i  -  x 2  ( y 1 * y 2 ) 2 ] %/ ( | - ) 2  , ( 3 .3 )
o
( 3 .4 )
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i t  tends to favor T -or ien ta t ion s  s l i g h t l y  more. Also the denomina­
tor  term in equation ( 3 . 3 )  i s  more complicated in the poten t ia l  of  
Gay and Berne [7 ]  and we have used the simple form as shown here to  
avoid addit ional  po ten t ia l  parameters. Kabadi [10 ,11 ]  has used a 
s l i g h t l y  more complicated r-dependence in equation ( 3 . 1 ) ,  however, 
th a t  a l so  has been l e f t  out for the sake of  s im p l i c i t y .
In f igure  3 .1  we show the above p o t e n t i a l ,  def ined by equa­
t io n s  ( 3 . 1 ) - ( 3 . 4 ) ,  for  the case o f  k = 0 .5  for  benzene-l ike  obla te  
molecules.  The three o r ien ta t io n s  for  which the pair  potent ia l  i s  
shown are p a r a l l e l ,  T, and end-to-end. In f igu re  3 .2  we show 
s im i lar  poten t ia l  curves for the s i x - s i t e  pair  poten t ia l  model of  
Evans and Watts for  benzene [12] .  A comparison of  these  two f i g ­
ures shows many s i m i l a r i t i e s  between the two poten t ia l  models. 
These include s im i lar  r a t io s  o f  e and a between d i f f e r e n t  o r ien ta ­
t i o n s .  I t  i s  c lea r  from these  f igures  that  the potent ia l  model 
used in our present  c a l c u l a t i o n s ,  defined by equations ( 3 . 1 ) - ( 3 . 4 ) ,  
i s  qu ite  capable of  representing  the in ter a c t io n s  between pairs  o f  
nonspherical molecules o f  the same sp ec ie s .  This model i s  quite  
f l e x i b l e  and can be further  modified for  improved or ien ta t io n  
dependence, for  s p e c i f i c  molecules o f  i n t e r e s t ,  or to  model i n t e r ­
ac t ions  between molecules o f  d i f f e r e n t  sp ec ie s  through changes in 
equations ( 3 . 2 )  and ( 3 . 3 ) .  We point  out th a t  the development of  
t h i s  p o ten t ia l  so far  i s  mostly i n t u i t i v e  and th eo r e t i c a l  cons ider­
a t ion s  [13] should a l so  play a ro le  in future m odif icat ions .  
Further, the above p o ten t ia l  behaves in c o rrec t ly  a t  small r va lues ,  
however, t h i s  problem i s  simply overcome by assuming the pair  
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The modified gaussian overlap p oten tia l, defined by 
equation (3 .1 ) - (3 .4 ) ,  for a pair o f oblate molecules 
( k = 0.50) for three d ifferen t orientations. The 
canter-to-center separation, r*, 1s in the units of 
aQ and m ultiplied by a factor o f 1.87 in order to















.50 LOO 1.50 2.00 2.50 3.00
Figure 3.2: The s ix - s i t e  potential o f Evans and Watts [12] for a
pair o f benzene molecules for three d ifferent orien­
ta tio n s.
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Molecular dynamics s imulations using systems of  256 molecules  
were performed for k = 0 .5  (benzene- l ike  molecules)  and for  k =  
1.55 ( e th a n e - l ik e  molecules) .  All the simulat ions were s tarted  
from a-FCC l a t t i c e s .  Each simulation run was equi l ibrated  for  800
t im e-steps  and production runs o f  8,000 t im e-s teps  were performed
* * 2  J-
with t im e-s teps  of  At = 0.0015 ( t  = t/(MaQ / e Q) z).  A momentum
s ca l in g  method [14] was used to  maintain constant  temperature. The
po ten t ia l  was truncated a t  r = 2.3 o for k = 0 .5  and r . = 3 .2cut o cut
ctq for  k = 1.55.  Long-range correct ions  to pressure and internal  
energy were applied to  compensate for  the poten t ia l  truncation.  
Simulations were performed such that  residual Helmholtz free  energy 
could be obtained through the method of  thermodynamic in tegrat ion  
[1 ,1 5 ] .  Thermodynamic r e s u l t s  from these  simulat ions are shown in 
ta b le  3 .1  and we re fer  the reader to our e a r l i e r  paper [1] or 
chapter 2 for more d e t a i l s  on our simulation methodology. We e s t i ­
mate our pressure and Helmholtz free  energy to  be accurate within  
±2% or ±0.01 whichever i s  larger .  Our internal  energy r e s u l t s  are 
accurate to  within 1% or ±0.005 whichever i s  the larger.
In order to  supplement our t e s t s  of  perturbation theory we 
have a l so  performed, using 256 molecules,  s imulat ions o f  f lu id s  
modeled using the Weeks-Chandler-Andersen type nonspherical r e fer ­
ence po ten t ia l  [8]  used by Fischer [3 ] ,  In t h i s  case the fu l l  
intermolecular pair  po ten t ia l  i s  s p l i t  into  a "repulsive" reference  
p o t e n t i a l ,  <J>q , and an "attract ive"  perturbation p o t e n t i a l ,  
according to:
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Table 3.1: Molecular dynamics s imulat ion r e s u l t s  for  pressure,
3
P* = PaQ / e Q, configurat ional internal energy,
U* = U/NeQ, and the residual  Helmholtz free  energy,
A/NkT, for  f l u i d s  o f  pro la te  ( k = 1 .55)  and oblate  
( k = 0 .5 0 )  molecules.
K T* P* P* u* A/NkT
0.50 3.0 0.20 0.482 -1 .3 6 -0 .198
0.40 0.763 -2 .6 8 -0 .389
0.60 1.02 -3 .9 4 -0 .552
0.80 1.46 -5 .19 -0 .674
1.00 2.37 -6 .42 -0 .744
1.20 4 .31 -7 .59 -0 .752
1.30 6 .14 -8 .1 1 -0 .722
1.40 8.55 -8 .56 -0 .663
1.50 11.7 -8 .9 8 -0 .572
1.60 15.9 -9 .2 9 -0 .447
2 .0 1.10 -0 .2 1 -7 .47
1.20 0.29 -8 .1 3 -2 .0 6
1.30 1.22 -8 .7 2 -2 .1 2
1.40 2.76 -9 .29 -2 .1 4
1.50 5.01 -9 .7 8 -2 .1 2
1.60 7.82 -1 0 .3 -2 .0 5
1.50 1.40 -0 .6 0 1 -9 .7 1
1.50 0.953 -1 0 .3 -3 .8 2
1.60 3.38 - 1 0 .8 -3 .8 2
1.55 1.75 0.10 0.183 -0 .556 0.024
0.20 0.421 -1 .1 2 0.097
0.30 0.837 -1 .6 8 0.241
0.40 1.70 -2 .2 3 0.512
0.50 3.60 -2 .6 5 0.993
0.55 5.19 -2 .7 8 1.35
1.00 0.20 0.142 -1 .2 8 -0 .420
0.30 0.249 -1 .8 9 -0 .519
0.35 0.377 -2 .2 2 -0 .529
0.40 0.573 -2 .5 5 -0 .501
0.45 0.919 -2 .8 7 -0 .416
0.50 1.59 -3 .1 5 -0 .250
0.55 2.62 -3 .4 0 +0.026
Note 1. We use three s i g n i f i c a n t  d i g i t s  to  report  our r e s u l t s ,
however, t h i s  does not imply r e s u l t s  to  be th at  accurate.  
See t e x t  for  more d e t a i l s .
Note 2. p* = pa ^ and T* = kT/e o o
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*o (ru,l u,2 ) = c*>( ’ru)i u,2  ̂ “ 4>min(u)l u)2 )v 1 
( 3 .5 )
= 0
and
r < r . (u).,u)0)min 1 2
( 3 .6 )
= <t> ( r u ) ^ )
Here rmi-n (w-jU^) i s  the o r ien ta t io n  dependent r - lo c a t io n  of the  
a t t r a c t i v e  minimum, 4>m̂ n (w-jU^), o f  the f u l l  pa ir  p o t e n t ia l ,  <1> 
( r u ) ^ ) .  For the case o f  a p o ten t ia l  def ined by equation ( 3 . 1 ) ,
anc* ^min ^1^2^ can ^ en °^^a^ne(  ̂ by appropriate su b s t i t u t io n s  
in equations ( 3 . 1 ) - ( 3 . 3 ) .
Molecular dynamics s imulat ions  were performed using the r e f e r ­
ence p o ten t ia l  given by ( 3 . 5 )  for  k  = 0 .5  only.  These simulat ions  
allowed us to  d i r e c t l y  obtain the f i r s t  order term, A .̂ Through 
the  method of  thermodynamic in tegra t ion  the zeroth order term, A , 
in  the perturbation expansion for  the res idual Helmholtz free  
energy [8 ]  could a l so  be evaluated. Thus we have:
These r e s u l t s  are presented in the next s ec t io n  for  comparisons 
with simulat ion r e s u l t s .
rmin = 21/6 + a(u’l “2 ) '  1 ( 3 .7 )
A = Ao + A1 + ' ' ( 3 .8 )
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3 ,3 .  Discuss ion
In f igu re  3 .3  (a and b) we show a comparison of  the residual  
Helmholtz free  energy from simulat ions  using the f u l l  gaussian  
overlap p o t e n t i a l ,  perturbation theory, and the spher ica l ized  
p o ten t ia l  method. In the case o f  k = 0 .5  r e s u l t s  from both theor­
i e s  compare well  with each other and a l so  with simulation r e s u l t s .  
In the case o f  k = 1 .55  a l s o ,  the agreement o f  these  two methods 
with s imulat ion i s  qu ite  good with the perturbat ion theory perform­
ing s l i g h t l y  be t ter  than the spher ica l ized  p o ten t ia l  method at the 
lower temperature. In comparison with our e a r l i e r  r e s u l t s  [1 ]  for  
the gaussian overlap p o ten t ia l  o f  Berne and Pechukas, the improve­
ment in the pred ic t ion  o f  the res idual Helmholtz free  energy i s  
s i g n i f i c a n t  for  both these  methods, e s p e c i a l l y ,  for  the pertur­
bation theory. Clearly both these  methods work w e l l ,  q u a l i t a t i v e l y  
as well as q u a n t i t a t iv e ly ,  in pred ic t in g  the residual  Helmholtz 
free  energy.
In ta b le  3 .2  we show a comparison of  the residual Helmholtz 
f r e e  energy r e s u l t s ,  for  k = 0 .5 ,  from simulat ions using the fu l l  
pair  potental and from simulat ions using the reference potentia l  
with those  obtained from perturbation theory and the spher ica l ized  
p o t e n t ia l  method. We est imate  the AQ/NkT and the t o t a l  Helmholtz 
f ree  energy, A/NkT, r e s u l t s  from reference  f l u i d  s imulat ions  to  be 
accurate with in  ±2% or ±0.01 whichever i s  larger .  We cons ider the 
A^/NkT r e s u l t s  from simulat ions to  be within ±1% or ±0.005 which­


















0.0 0.4 0.8 1.2 1.6 2.0
Figure 3.3a: Results for the residual Helmholtz free energy
( k  = 0 .5 ) from molecular dynamics simulations using 
the fu ll pair potential (p o in ts), perturbation 
theory (so lid  l in e s ) , and the sphericalized poten­
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Figure 3.3b: Results for the residual Helmholtz free energy
( k = 1 .55) from molecular dynamics simulations using 
the fu ll  pair potential (p o in ts ), perturbation 
theory (so lid  l in e s ) ,  and the sphericalized  poten­
t ia l  method (dashed lin e s ) .
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Table 3.2: A comparison o f  the residual Helmholtz free  energy from
molecular dynamics using the f u l l  gaussian overlap pair  
p oten t ia l  (MD Fu l l )  and the nonspherical reference  
p oten t ia l  (MD Ref) for k = 0.50 with r e s u l t s  from the  
perturbation theory (PT) and the sp h er ica l ized  poten­
t i a l  method (SPM).
PT MD Ref MD Full SPM
* A o A1 A Ao A1 A A A
p NkT NkT NkT NkT NkT NkT NkT NkT
*
T = 3 .0
0.20 0.250 -0 .444 -0 .194 0.231 -0 .435 -0 .204 -0 .198 -0 .188
0.40 0.539 -0 .925 -0 .386 0.511 -0 .917 -0 .406 -0 .389 -0 .370
0.60 0.875 -1 .44 -0 .5 6 1 0.840 -1 .42 -0 .579 -0 .552 -0 .533
0.80 1.27 -1 .97 -0 .702 1.23 -1 .9 5 -0 .723 -0 .674 -0 .660
1.00 1.74 -2 .53 -0 .789 1.69 -2 .49 -0 .797 -0 .744 -0 .737
1.20 2.30 -3 .10 -0 .796 2.25 -3 .0 4 -0 .788 -0 .752 -0 .743
1.30 2.62 -3 .3 8 -0 .761 2.55 -3 .3 1 -0 .763 -0 .722 -0 .713
1.40 2.98 -3 .6 7 -0 .693 2.88 -3 .59 -0 .712 -0 .663 -0 .658
1.50 3.38 -3 .9 7 -0 .592 3.23 -3 .86 -0 .630 -0 .572 -0 .576
1.60 3.82 -4 .2 8 -0 .4 5 8 3.62 -4 .13 -0 .510 -0 .447 -0 .475
*
T = 2 .0
1.20 2.54 -4 .6 6 - 2 .1 2 2.48 -4 .57 -2 .0 9 -2 .0 6 -2 .0 1
1.30 2.92 -5 .10 - 2 .1 8 2.82 -4 .9 9 -2 .1 7 -2 .12 -2 .07
1.40 3.34 -5 .5 4 -2 .2 0 3.20 -5 .4 0 -2 .2 0 -2 .1 4 -2 .11
1.50 3.81 -5 .9 8 -2 .1 7 3.62 -5 .82 -2 .2 0 -2 .1 2 -2 .1 1
1.60 4 .34 -6 .4 4 -2 .1 0 4.08 -6 .2 2
*
T = 1 . 5
-2 .1 4 -2 .0 5 -2 .0 8
1.50 4.12 -8 .0 1 -3 .8 9 3.91 -7 .7 8 -3 .8 8 -3 .8 2 -3 .7 5
1.60 4.72 -8 .62 -3 .8 9 4.43 -8 .3 2 -3 .8 9 -3 .8 2 -3 .8 1
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A comparison of  the res idual Helmholtz free  energy, A/NkT, 
from these  two types o f  s imulat ions  shows the perturbation expan­
s ion ( 3 .8 )  to  be convergent,  i f  no approximations are made when 
c a lc u la t in g  various terms in t h i s  expansion. We observe an almost  
systematic  dev iat ion  of  0.05 in A/NkT which i s  quite  small.  Pre­
d ic t i o n s  from perturbation theory and the sph er ica l ized  potent ia l  
method a l so  compare well with these  simulat ion r e s u l t s .
I t  can be useful to  compare the components o f  equation (3 .8 )  
obtained from reference f l u i d  s imulat ions with predic t ion s  from 
perturbation theory. Perturbation theory s l i g h t l y  overpredic ts  the  
zeroth order term, Aq , and a l so  the f i r s t  order term, A^, when 
compared with reference f l u i d  s imulat ions .  Since the s igns  o f  
these  two terms are o p p os i te ,  overpredict ions  tend to  cancel each 
other ,  when these  terms are c o l l e c t e d  in equation ( 3 . 8 ) ,  and per­
turbation theory p red ic t s  well  the res idual Helmholtz free  energy 
when compared with s imulat ions .  This i s  in contras t  with our 
e a r l i e r  r e s u l t s  [1 ]  using the o r ig in a l  gaussian overlap po ten t ia l  
of  Berne and Pechukas [ 2 ] ,  where perturbat ion theory underpredicted  
the f i r s t  order term, A .̂ This led to  an overal l  more p o s i t i v e  
pred ic t ion  of  the residual Helmholtz free  energy. Clearly  these  
improvements in the c a lc u la t io n s  r e s u l t s  mainly come from the f i r s t  
order term, A .̂
Table 3 .3  shows a comparison o f  the residual  Helmholtz free  
energy r e s u l t s  for  k = 1 .55  from simulat ion (shown in ta b le  3 .2 )  
with pred ic t ion  from perturbation theory and the sp h er ica l ized  
p oten t ia l  method. This ta b le  r e in forces  our observations from 
f igure  3 .3 ( b ) .  Clearly while  the two methods work well for  t h i s
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Table 3.3: A comparison of  the residual Helmholtz free  energy from
molecular dynamics using the f u l l  gaussian overlap pair  
p o ten t ia l  (MD Fu l l )  with r e s u l t s  from perturbation  
theory (PT) and the sp h er ica l ized  p o ten t ia l  method 
(SPM) for  k = 1.55.
A/NkT
*
p PT MD Full SPM
0.10 0.035 0.024 0.041
0.20 0.103 0.097 0.120
0.30 0.243 0.241 0.269
0.40 0.515 0.512 0.534
0.50 1.03 0.993 0.982
0.55 1 .41 1.35 1.30
0.20 -0 .360 -0 .420 -0 .328
0.30 -0 .491 -0 .519 -0 .432
0.35 -0 .515 -0 .529 -0 .444
0.40 -0 .490 -0 .5 0 1 -0 .417
0.45 -0 .396 -0 .416 -0 .336
0.50 -0 .208 -0 .250 -0 .186
0.55 -0 .115 0.026 0.056
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molecular shape a l s o ,  perturbation theory i s  shown to be s l i g h t l y  
b et ter  than the sph er ica l ized  poten t ia l  method. The d i f ference  
between perturbation theory and simulation are nearly h a l f  as much 
as those between s imulat ion and the sph er ica l ized  poten t ia l  method, 
except a t  the h ighest  d e n s i t i e s  where the spher ica l ized  potent ia l  
method i s  be t ter  than perturbat ion theory.
Figure 3 .4  (a and b) shows a comparison o f  pressure r e su l t s  
obtained from s imulat ion using the f u l l  pair  poten t ia l  with those  
predic ted by perturbation theory and the sp h er ica l ized  potent ia l  
method. These pred ic t ion s  were obtained by f i t t i n g  the r e s u l t s  for  
the residual  Helmholtz free  energy, shown in tab les  3 .2  and 3 .3 ,  
for  any given isotherm to  a polynomial in dens i ty  and subsequent 
a n a ly t ica l  d i f f e r e n t i a t i o n  of  t h i s  polynomial w . r . t .  dens i ty .  Thus 
these  predic t ions  from the two th eo r e t ic a l  methods are subject to  
some computational errors.
For both cases  o f  molecular shapes ( k  = 0.50 and 1 .5 5 ) ,  per­
turbat ion theory i s  in good agreement with s imulat ion.  There i s  a 
s l i g h t  overpredic tion of  the pressure by perturbation theory and 
t h i s  could be par t ly  due to our computations a l so .  The spher ica l -  
ized potent ia l  method i s  a lso  in good agreement with simulat ion,
however, i t  shows a s l i g h t  underprediction o f  the pressure which
*
becomes substant ia l  at  T = 2 . 0  for  the oblate  molecular shape 
( k  = 0 .5 ) .  Part o f  t h i s  d i f fe re n c e  could be a t tr ib u ted  to  compu­
ta t io n a l  errors ,  even then some d i f fe re n c e s  would remain. These 
observat ions in the comparison of  th eo r ie s  with simulation are 
surpr is ing  s ince  in our e a r l i e r  computations [ 1 ] ,  perturbation  
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Figure 3.4a: Pressure from molecular dynamics ( k  = 0 .5 ) Simula* 
tio n s using the fu ll  pair potential (p o in ts), per­
turbation theory (so lid  l in e s ) ,  and the spherical- 
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P *
Figure 3.4b: Pressure ( k = 1 .55) from molecular dynamics simula­
tion s using the fu ll  pair potential (p o in ts ), per­
turbation theory (so lid  l in e s ) ,  and the spherical- 
ized potential method (dashed lin e s ) .
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potent ia l  method showed e x c e l l e n t  agreement with simulation.
In tab le  3 .4  we show i comparison of  the configurat ional  
internal  energy from s im ulat ion ,  perturbat ion theory,  and spher i ­
cal ized p o ten t ia l  method. In the case o f  the two l a t t e r  methods, 
the Gibbs-Helmholtz equation was used to  obtain the internal energy 
from the residual  Helmholtz free  energy r e s u l t s  for  cer ta in  i s o ­
chores.  In t h i s  tab le  we a lso  show internal energy r e s u l t s ,  for  
k = 0 .50 ,  from reference f l u i d  simulat ions by applying the Gibbs- 
Helmholtz equation to  equation ( 3 .8 )
Here A, and U were obtained from reference f l u i d  s imulat ions .  We
est imate  the r e s u l t s  for U/Ne from ( 3 . 9 )  to be accurate with in  ±2%o
or ±0.02 whichever i s  larger .
A comparison of  simulat ion r e s u l t s  using the f u l l  poten t ia l
with those using the reference poten t ia l  shows a good agreement
between the two. This again shows th at  the perturbation expansion
( 3 . 8 )  works well  for  these  f l u i d s .  A comparison o f  r e s u l t s  from
the perturbat ion theory with s imulat ion r e s u l t s ,  for both molecular  
a n is o tr o p ie s ,  shows a good agreement. The dev ia t ions  are small ,  
usual ly  l e s s  than ±2%, and the dev ia t ions  seem to be larger  for  
k = 1.55.  Similar  observat ions  can be made for  the sp h er ica l ized  
p o ten t ia l  method a l so  where the dev ia t ions  are la rg er ,  usual ly  3%. 
For both these  methods, the improvement over our e a r l i e r  c a lc u la ­
t i o n s ,  i s  obvious,  e s p e c i a l l y ,  for  the case o f  oblate  molecules  
( k = 0 .50 ) .
0 ( l / k T )
+ ( 3 .9 )
1 o
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Table 3.4: A comparison of  the configurat ional  internal energy
from molecular dynamics using the f u l l  gaussian overlap 
pair  p o ten t ia l  (MD Fu l l )  and the nonspherical reference  
p oten t ia l  method (MD Ref) with r e s u l t s  from perturba­
t io n  theory (PT) and the spherical  ized p o ten t ia l  method 
(SPM).
U/NeQ





3.20 -7 .57 -7 .45 -7 .2 1
3.00 -7 .6 4 -7 .55 -7 .5 9 -7 .2 9
2.80 -7 .7 1 -7 .6 8 -7 .3 8
2.60 -7 .8 0 -7 .7 4 -7 .4 8
2.40 -7 .9 0 -7 .8 4 -7 .8 8 -7 .6 0
2.20 -8 .0 2 -7 .97 -7 .7 5
2.00 -8 .1 7 -8 .06 -8 .13 -7 .9 2
3.20 -8 .9 4 -8 .70 -8 .5 9
3.00 -9 .0 3 -8 .86 -8 .9 8 -8 .7 1
2.80 -9 .1 4 -9 .0 4 -8 .8 4
2.60 -9 .2 6 -9 .25 -9 .0 0
2.40 -9 .4 1 -9 .43 -9 .45 -9 .1 8
2.20 -9 .5 8 -9 .66 -9 .39
2.00 -9 .79 -9 .8 8 - 9 .7 8 -9 .65
1.75 - 1 .5 9 - 1 .6 8 -1 .5 5
1.60 -1 .6 2 -1 .57
1.45 -1 .6 6 -1 .60
1.30 - 1 .7 0 -1 .63
1.15 -1 .7 6 -1 .67
1.00 -1 .8 3 -1 .8 9 -1 .72
1.75 - 2 .5 4 -2 .6 5 -2 .50
1.60 -2 .6 2 -2 .5 6
1.45 - 2 .7 2 -2 .63
1.30 - 2 .8 4 -2 .9 5 -2 .7 1
1.15 -2 .9 9 -2 .82
1.00 -3 .1 9 -3 .1 5 -2 .95
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All these  comparisons c l e a r ly  show that both perturbation  
theory and the spherical ized potent ia l  method work well  for  pre­
d ic t i n g  themodynamic propert ies  in f lu id s  modeled using the modi­
f i e d  gaussian overlap p o ten t ia l  o f  Gay and Berne [7 ] .  This i s  
c l e a r l y  an improvement over our e a r l i e r  ca lcu la t io n s  [1 ]  involving  
the o r ig ina l  poten t ia l  o f  Berne and Pechukas [2 ] .  The improvement 
i s  more obvious for  the case o f  k -  0.50 and t h i s  was the worst  
case in our e a r l i e r  comparison. Clearly these  changes are brought 
about by an improved r-dependence of  the modified Gay and Berne 
p o t e n t i a l ,  given by equation ( 3 . 1 ) ,  which i s  a l so  more r e a l i s t i c .  
The assumptions made in our th eo re t ica l  developments are more 
su i ted  for  p o t e n t ia l s  which provide for molecule cores s im i lar  to  
those given by the s i t e - s i t e  models and t h i s  can be useful in 
modeling f l u i d s  of nonspherical molecules.
The improvements in the comparison o f  perturbation theory with  
s imulat ion are substant ia l  compared to  our previous ca lcu la t io n s  
and these  come mainly from improved predic t ion s  o f  the f i r s t  order 
perturbation term, A .̂ This i s  c l e a r ly  due to  the d i f f e r e n t  r-de-  
pendence o f  the Gay and Berne [7]  potent ia l  which perhaps leads to  
improved computations o f  the reference  f l u i d  pair  d i s tr ib u t io n  
fu nct ion ,  gQ(ru)^u)^). This point  needs to  be studied in d e ta i l  and 
the spherical harmonic expansion of the pair  d i s t r ib u t io n  function
[4]  can be useful in t h i s  regard. The choice  o f  the nonspherical  
reference p o t e n t i a l ,  given by equation ( 3 . 5 ) ,  i t s e l f  i s  a good one 
as shown by the comparison of  reference  f l u i d  s imulat ions with 
s imulat ions  using the f u l l  pair  p o t en t ia l .
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In the perturbat ion theory used here,  the zeroth order term is  
ca lcu la ted  by applying the Boublik-Nezbeda hard convex body equa­
t io n  of  s t a t e  [16] .  Improvements to t h i s  can perhaps be made 
through recent ly  a v a i la b le  simulat ion r e s u l t s  for  hard e l l i p s o i d s  
[15] .  Also the perturbation theory o f  Kohler e t  a]_. [17] which i s  
equivalent  [18] to the perturbat ion theory o f  Fisher [3]  can a lso  
be considered. This theory was previously  applied to  f lu id s  model­
ed using the or ig ina l  gaussian overlap poten t ia l  o f  Berne and 
Pechukas [2 ]  by Monson and Gubbins [19] and only q u a l i ta t i v e  agree­
ment s im i lar  to  our e a r l i e r  paper was obtained. Using the modified 
gaussian overlap p o t e n t i a l ,  one would hope for  s im i lar  improvements 
with t h i s  theory a lso .
The sp h er ica l ized  p o ten t ia l  method discussed  here a lso  shows 
substan t ia l  improvements for the case o f  k  = 0.50 for  internal  
energy and Helmholtz free  energy. We have appl ied the Weeks-Chand- 
ler-Andersen theory in the manner of  Fischer [3 ]  to  the e f f e c t i v e  
sp h er ica l ized  poten t ia l  in order to  c a lc u la te  the free  energy.  
Thus, the r e s u l t s  presented here have some inaccuracies  due to  the 
p a r t icu la r  method o f  c a lc u la t in g  the free  energy. A p oss ib le  
a l t e r n a t iv e  i s  to  use the var ia t iona l  method as discussed by Mac- 
Gowan e t  aJL [4 ] .  Also our choice  o f  the e f f e c t i v e  spherical ized  
po ten t ia l  i s  temperature dependent. An a l t e r n a t iv e  here i s  to use 
one of  several temperature independent sp h e r ic a l i z a t io n  methods 
discussed  by MacGowan [20] and by Shaw e t  al .̂ [21]  who applied  
th ese  to  two-center Lennard-Jones poten t ia l  models.
In modeling real f l u i d s ,  l ik e  carbon dioxide  and benzene, the  
use of  nonpolar model p o t e n t ia l s  such as the modified gaussian
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overlap poten t ia l  i s  not s u f f i c i e n t .  As shown by Kabadi [10 ,11]  
p o t e n t ia l s  such as these  tend to  favor p a ra l le l  or ien ta t io n s  of  
molecules instead of  the usual T or ien ta t io n s  found in real f l u i d s .  
In these  f lu id s  polar in ter a c t io n s  a l so  play an important ro le .  In 
f igu re  3 .5  we show in ter a c t io n s  between a pair  of  quadrupolar 
molecules with the modified gaussian overlap pair p o ten t ia l .  A 
comparison o f  t h i s  with the poten t ia l  o f  nonpolar molecules,  shown 
in f igu re  3 .1 ,  c l e a r l y  shows that  d i f ference  due to  the presence of  
a quadrupolar moment. In the quadrupolar f l u i d  T o r ien ta t io n s  are 
c l e a r l y  favored over other  or ien ta t io n s  leading us to  b e l i e v e  that  
in order to  model molecules such as benzene, quadrupolar i n t e r ­
ac t ion  added to  the modified gaussian overlap poten t ia l  can be 
u s e f u l .
The f i r s t  order perturbation theory discussed  here does not 
work well  for  polar Lennard-Jones spheres [6 ]  and second order 
terms which can be qu ite  d i f f i c u l t  to  c a lc u la te  are needed. Here 
the sp h er ica l ized  p o ten t ia l  method can be quite  useful s ince  i t  i s  
a good approximation for  polar p o t e n t ia l s  a lso  [1 ] .  This method, 
however, has not been studied for  f lu id s  modeled using polar mole­
cu les  with nonspherical cores .
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Figure 3.5: Modified gaussian overlap plus the quadrupolar
potential (Q* = Q/(e0°r0^)J5 = 1-0) for oblate mole­
cules ( k  = 0 .5 ) . Units o f r* as in figure 3 .1 .
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Chapter 4 
Computer Modeling of  Benzene
4 .1 .  Introduction
Computer modeling o f  benzene (CgHg) and s tu d ies  o f  intermole-  
cular  forces  among benzene molecules are in t e r e s t in g  not only due 
to  the geometry o f  the benzene molecule but a l s o  due to  the impor­
tance o f  the phenyl group in developing the s i t e - s i t e  or chemical 
group contr ibution  approaches for  pred ic t ing  thermophysical proper­
t i e s  o f  f l u i d s  conta in ing aromatic hydrocarbons. Early papers in 
t h i s  area where the geometry o f  benzene molecule has been cons ider­
ed are due to  Evans and Watts [1 -3 ]  who attempted to  model a l l  
three  phases using a s i x - s i t e  Lennard-Jones (12:6)  p o t e n t i a l ,  
MacRury e t  aJ. [4 ]  who s tudied the p o s s i b i l i t y  o f  using the quadru­
polar gaussian overlap p o ten t ia l  model of  Berne and Pechukas [5 ]  to  
model the gas and s o l i d  phases o f  benzene, and Narten [6 ,  7] who 
u t i l i z e d  the RISM theory o f  Lowden and Chandler [8 ]  along with a 
1 2 - s i t e  p o ten t ia l  to obtain the carbon-carbon s i t e - s i t e  pair  d i s ­
t r ib u t io n  function in l iq u id  benzene.
More recent work in t h i s  area has been carr ied  out to  simulate  
l iq u id  benzene by Steinhauser [9 ]  who u t i l i z e d  the s i x - s i t e  Len- 
nard-Jones (12:6 )  po ten t ia l  o f  Evans and Watts [ 2 ] ,  with the in t e r ­
act ion  s i t e s  located on the C-H bonds, Ryckaert and coworkers [10,  
11] who s tudied the use o f  s i x - s i t e  p o t e n t i a l s ,  with and without  
the quadrupole moment and with in tera c t io n  s i t e s  located at  the
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p o s i t io n  of  carbon atoms on the benzene r ing ,  and compared these  
p o t e n t ia l s  with that  of  Evans and Watts [ 2 ] ,  Linse and coworkers 
[12,  13] who used a 1 2 - s i t e  with point charge potent ia l  obtained 
from e a r l i e r  SCF-CI c a l c u la t io n s  of  Karlstrom e t  efL [1 4 ] ,  Serrano- 
Adan e t  alL [15] who improved the poten t ia l  parameters, e and a ,  in 
the s i x - s i t e  Lennard-Jones (12:6)  p o ten t ia l  o f  Evans and Watts [ 2 ] ,  
and Bertagnoll i  and coworkers [16,  17] who have compared RISM 
theory using a 1 2 - s i t e  p o ten t ia l  with t h e i r  neutron sca t ter in g  
r e s u l t s .  Use of  an iso trop ic  s i t e - s i t e  p o t e n t ia l s  has a lso  been 
recommended [18 , 19] and molecular mechanics c a lcu la t io n s  for
benzene dimer have a l so  been performed [20,  21].
Recently,  Kabadi and S tee le  [22,  23] have performed simula­
t io n s  using the gaussian overlap p o ten t ia l  of  Berne and Pechukas
[5 ]  to study the s tructure  and thermodynamics o f  pure model f lu id s  
of  oblate  and pro late  e l l i p s o i d s .  This work a l so  has been extended 
[24 ,  25] to  the modified gaussian overlap poten t ia l  model o f  Gay 
and Berne [26] .  Comparison of  these  r e s u l t s  show the potentia l  
model of Gay and Berne to  be more r e a l i s t i c  than the or ig ina l  model 
of  Berne and Pechukas, and capable of  representing thermodynamic 
propert ies  o f  real l iq u id s  such as benzene, a t  l e a s t ,  over a small 
range of  temperature. Further research shows t h i s  model to be 
s u i ta b le  for  c a l c u la t io n s  involv ing  thermodynamic perturbation  
th eo r ie s  a l so  [27-29] .  Our i n t e r e s t  in t h i s  model a r i s e s  not only 
due to  i t s  apparent s i m p l i c i t y ,  thus allowing for  the development 
of  simple property p r e d ic t iv e  methods, but a l so  due to  the p o s s i ­
b i l i t y  o f  i t s  use in modeling more complicated molecules such as 
naphthalene through the use of  fused e l l i p s o i d s  [30] and avoiding
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the use of  computationally d i f f i c u l t  potent ia l  models.
The quest ion o f  how well t h i s  model can be used to  model 
l iq u id s  such as benzene a r i s e s  and so does the question of  i t s  
performance in comparison with more d e ta i l ed  p o t en t ia l s  such as the  
s i x - s i t e  p o t e n t ia l s  of  Claessens e t  a^. [11] or Evans and Watts
[ 2 ] .  While some comparisons were made e a r l i e r  [24,  25] ,  d e ta i l ed  
comparisons s t i l l  need to  be made, e s p e c i a l l y  regarding the role  
th a t  the e l e c t r o s t a t i c  in ter a c t io n s  such as the quadrupole moment 
can play in the simulated f lu id .  In t h i s  regard, we have performed 
molecular dynamics s imulat ions  using the modified gaussian overlap
p o t e n t ia l s  to  model benzene and a lso  studied the use of  quadrupolar
moment in order to answer some of  the above questions.  We report
our r e s u l t s  in t h i s  chapter.
4 .2 .  Potentia l  Models
The present vers ion of  the modified gaussian overlap potent ia l  
o f  Gay and Berne [2 4 ] ,  for  a pair  o f  molecules 1 and 2, i s  given by
d 1 _ d
4(ru)-|tu«) = 4£(u)1u)9) { ( - — 7—̂ — < . ) - (  p—̂ — r - p )  } ( 4 .1 )1 2  1 2 1 r-a(u)^u)2)+dw vr-a(u)^u)2)+dw 1 v
where r i s  the d is tance  between the molecular centers  and and 
are the o r ien ta t io n s .  The p o ten t ia l  parameters sCu^u^) and aCia^u^) 
depend upon the molecular o r ien ta t io n s  only and are given by
ct(u)1u)2>/cto = a ( 4 .2 )
with
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a  =  {1-hxl (4 .3 )
and
( 4 .4 )
with
P =  [ 1  -  X2 ( v 1 * v 2 ) 2 ] 1'5 ( 4 .5 )
Here eQ and aQ are constants  and are representat ive  o f  the a t t r a c ­
t i v e  poten t ia l  energy between the molecules and the s i z e  o f  the 
molecules ,  r e s p e c t iv e ly .  R i s  the unit  vector  jo in in g  the molecule 
centers  and v^ and v2 are the unit  vectors  along the molecular axes 
o f  symmetry. The anisotropy parameter, x> i s  def ined as
where k i s  the length to  breadth ra t io  o f  the e l l i p s o i d a l  molecules  
modeled such that  k >1  for  p ro la te  and k <1 for  obla te  molecules.  
Recently ,  i t  was shown by Bethnabotla and S t e e l e  [31] th at  equa­
t io n s  ( 4 . 2 )  and ( 4 . 3 )  provide values  o f  the second and higher order 
v i r i a l  c o e f f i c i e n t s  which are very c lo se  to  those  obtained from the  
h a r d -e l1ipso id s  o f  revo lu t ion s  having the same anisotropy para­
meter, x- Our c a l c u la t io n s  involv ing the pred ic t ion  o f  the r e f er ­
ence f l u i d  free  energy for  a nonspherical reference poten t ia l  based 
perturbation theory a lso  support t h i s  for  the l iq u id  phase [27,  
28].  For a d e ta i l ed  d is cu s s io n  o f  the developments involv ing t h i s
( 4 .6 )
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p oten t ia l  model, we r e f e r  the reader to  some e x c e l l e n t  d iscuss ion s  
[5 ,  26, 32,  33].
The above p o t e n t i a l ,  equations ( 4 . 1 ) - ( 4 . 6 ) ,  d i f f e r s  from the
vers ion given by Gay and Berne [26] in two aspects .  The f i r s t  of
these  i s  the use o f  a parameter, dw, for c o n tr o l l in g  the width of
the poten t ia l  well  and i s  as recommended by Kabadi [24] .  The
dis tan ce  between the l o c a t io n ,  aCu^u^) a t  which the po ten t ia l  $  i s
zero and the lo c a t io n ,  r . , a t  which the p o ten t ia l  4 has a minimummm
i s  somewhat independent of  the molecular o r ien ta t io n s  for the  
s i t e - s i t e  and the modified gaussian overlap models and i s  approxi­
mately equal to  ( 2 ^ ^ - l ) d  a for  the modified gaussian overlap
p oten t ia l  using equation (1)  [24] .  This d is tan ce  i s  approximately
1/6equal to  (2 -  1) a gs for the case o f  s i t e - s i t e  p o t e n t ia l s  where
cj i s  the s i t e - s i t e  p o ten t ia l  parameter. Since o and a are o f  ss  o ss
s i g n i f i c a n t l y  d i f f e r e n t  magnitudes for  oblate  molecules,  use o f  an
appropriate dw can help improve p o t e n t i a l s  modeled through equation
(1 ) .  A simple choice  for  d would be to  use d ~ k  for  oblate  r w w ~
molecules and dw ~ 1 for  pro la te  molecules.  This rule  i s  very  
c lo s e  to  some o f  the dw values  obtained by Kabadi [24] .  For mix­
tu r e s ,  the use o f  an ar i thm et ic  mean i s  recommended.
The second o f  these  d i f f e r e n c e s  i s  our use o f  equations ( 4 .4 )  
and ( 4 . 5 )  for  the o r ien ta t io n  dependence o f  the in tera c t io n  energy 
parameter, e ^ ^ u ^ ) ,  and i s  in accordance with chapter 3 and our 
e a r l i e r  paper [28] .  The above form o f  equation ( 4 . 5 )  allows  
s l i g h t l y  more preference  for  the T -or ien ta t ion s  when compared with 
the other vers ions  [5 ,  26].  Also the form given here i s  simpler  
and involves  the use only of  one parameter, e Q. Thus, parameters
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e o ’ CTo ’ K’ and dw are neec*ec* to  m°del the pair  in tera c t io n s  between 
molecules of  pure f l u i d s  through the modified gaussian overlap  
p o t e n t ia l .  Further, only three parameters w i l l  be needed i f  the  
ru les  s p e c i f i e d  above for  dw are to be used.
In s p i t e  of  these  developments, some d i f fe re n c e s  between a 
more r e a l i s t i c  model for  benzene, such as the s i x - s i t e  model, and 
the modified gaussian overlap po ten t ia l  remain. The use of  e l l i p ­
so idal  or s im i lar  nonspherical cores leads to  molecules which are 
not f l a t  in the middle. Some questions regarding t h i s  have already  
been ra ised  [22-25]  and we b e l i e v e  that  the use of  equation ( 4 .5 )  
would compensate for  t h i s  to  some extent .  Also,  a more r e a l i s t i c  
p o ten t ia l  would lead to  a form for cCuyj^) which tends to  become 
independent of  molecular or ien ta t io n s  as the intermolecular separa­
t i o n ,  r ,  becomes large  [22] .  The form o f  eCiOjU )̂ given by equa­
t io n s  ( 4 .4 )  and ( 4 .5 )  provides a functional form always dependent 
upon the molecular o r ien ta t io n s .  This ,  however, i s  not a very 
ser ious  d i f fe re n c e  s in ce  most contr ibut ions  to thermophysical  
propert ies  due to the nonpolar in tera c t io n s  come from the short  
range.
Simulations using the s i x - s i t e  Lennard-Jones (12:6 )  poten t ia l
<t>(ru» w2 ) = 1 1  4e [ ( ^ ) 12 - ( ^ ) 6] (4 .7 )
i = l  j = l  i j  i j
where e gs and CTgs are the s i t e - s i t e  p o ten t ia l  parameters and are
the  same for  a l l  the s i t e - s i t e  pairs  have been performed by Gupta
[34] .  The in t er a c t io n  s i t e s  are located on a hexagon with each
s ide  equal to  B. In case  the in tera c t io n  s i t e s  are located a t  the
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p o s i t io n s  of the carbon atoms, he uses B = 1 .41  A [11] .  For more 
d e t a i l s ,  we re fer  the reader to  an e x c e l l e n t  d iscuss ion  of the  
s i t e - s i t e  p o t e n t ia l s  and various re la ted  computing aspects  by 
S t r e e t t  e t  aj .  [35]
We have a lso  performed simulat ions using the quadrupole moment 
along with the nonpolar nonspherical models. The p o t e n t ia l s  used 
are of  the form
tK r u Y ^ ) = ^^(rui-jU ^) + 4>nonP°^a r (ruK|U)2). ( 4 . 8 )
Here the f i r s t  term on the r . h . s .  i s  due to the quadrupole moment 
and i s  o f  the functional form given by Gray and Gubbins [30] for  
the case o f  c y l in d r ic a l  charge symmetry. The second term on the 
r . h . s .  i s  the nonpolar contr ibution  and i s  given by e i t h e r  ( 4 .1 )  or
( 4 . 7 )  depending upon the p o ten t ia l  used. In a case when the oblate  
gaussian overlap model i s  used, t h i s  quadrupole moment ac ts  along 
the ax is  o f  revo lu t ion  and in a case when the s i x - s i t e  model i s  
used, t h i s  quadrupole moment acts  along the z - a x i s  which i s  perpen­
d icu lar  to  the plane o f  the hexagon and passes through the molecule 
center.  For more d e t a i l s  regarding the quadrupole moment of  ben­
zene,  we r e fer  the reader to Gray and Gubbins [30] .
4 . 3 .  Simulation Results  and Discuss ion
We have modeled l iq u id  benzene along the saturat ion  curve in 
the temperature range 280-460 K. Configurational internal energy,  
U/NkT, and saturated l iq u id  d e n s i t i e s ,  p, are a v a i la b le  for  t h i s  
range and beyond from the c r i t i c a l  compilations  by Majer and Svobo-
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da [36] and Smith and Srivastava [37] .  In t h i s  range, the satura­
t io n  pressure i s  small enough and one can s a fe ly  assume
ps a t (T) = p(P = 0; T). ( 4 .9 )
Thus, in order to find the saturat ion dens ity  at  a given tempera­
ture in t h i s  range, one need only perform NPT s imulat ions  a t  the 
zero pressure.  A l t e r n a t iv e ly ,  NVT simulat ions  can be performed 
using educated guesses for  d e n s i t i e s  to  obtain zero pressures  from 
the simulat ion.  We prefer  the l a t t e r  approach s ince  t h i s  allows us 
to  use our e x i s t i n g  codes.
We fo l low  a systematic  procedure in order to  perform these  
simulat ions in a manner th at  avoids wastage o f  computing time in 
searching for  good guesses  for p. For t h i s  we obtained est imates
o f  e and cx from the second v i r i a l  c o e f f i c i e n t  data for benzene o o
and from the e a r l i e r  r e s u l t s  and Kabadi [24 ,  25].  From these  
estimated parameters,  we can determine T* = kT/eQ for  280 K and 460
3
K and a lso  the t r i a l  p* = paQ values from experimental saturated
l iq u id  d e n s i t i e s .  Trial simulat ions of 1000-2000 t im e-steps  (At* = 
2 %At/(mao / e  ) = 0.0015) are performed and p* varied unt i l  simula­
t io n  r e s u l t s  for  pressure are c lo s e  to zero. Two f u l l  length 
s imulat ions  are then performed at  each T* to  bracket the zero 
pressure in the l iq u id  range. By in terp o la t in g  the r e s u l t s  from 
these  two s im ulat ions ,  a t  each T*, we obtain the d e n s i t i e s  a t  which 
the pressure i s  zero.
This above procedure g ives  us the zero-pressure d e n s i t i e s ,  in 
reduced u n i t s ,  a t  the two extremes o f  the above temperature range. 
Linear in terp o la t io n s  between these  two give us very good est imates
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o f  the zero pressure d e n s i t i e s  for  the intermediate T* values.  NVT 
simulat ions are performed at  these  estimated zero-pressure  dens i­
t i e s  and in many cases  these  guesses are s u f f i c i e n t l y  accurate to  
y i e l d  r e s u l t s  for  pressure that are c lo se  to  zero. In other cases ,  
one more simulation i s  needed to bracket the zero pressure.
Thus, t h i s  procedure provides us, as functions  o f  T*, values  
of  the zero-pressure  d e n s i t i e s ,  p*, and U*/T* (U*/T* = U/NkT) for a 
given poten t ia l  model simulated. These r e s u l t s  are then f i t t e d  to  
the experimental saturated l iq u id  data for benzene according to  the  
procedure described by Wojcik e t  ajL [38] and a lso  by Allen and 
T ildes  ley  [39] to  obtain the poten t ia l  parameters. Parameters thus 
obtained for  benzene for  a l l  the model p o t e n t ia l s  simulated are 
shown in tab le  4 .1 .  These parameters are then used to compare the  
experimental second v i r i a l  c o e f f i c i e n t s  [40] with those  obtained  
from the Mayer f - fu n c t io n  ca lcu la t io n s  by the method o f  Conroy [41]  
along with the long-range correct ions  according to  Lustig [42] .  
Here, we have omitted many d e t a i l s  of  our simulation methodology 
and re fer  the reader to chapter 2 and our e a r l i e r  papers for  simu­
la t i o n s  involv ing  the gaussian overlap p o ten t ia l  [27 ,  28] and the 
s i t e - s i t e  po ten t ia l  [43] .  However, some d e t a i l s  of  our simulat ions  
are provided in appendix B. Exce l lent  d escr ip t ions  o f  molecular  
dynamics simulat ion methodology are a lso  now a v a i la b le  [35,  39,  
44-46] for  more in t er e s t ed  readers.
Two s e t s  o f  s imulat ions have been carried out using the modi­
f i e d  gaussian overlap model. In the f i r s t  s e t ,  we have f ixed dw= l  
and performed s imulat ions with and without the quadrupole moment 
(MG and MGQQ). Simulations using several d i f f e r e n t  values of  k  ( k
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Table 4.1: Benzene pair  p o ten t ia l  parameters for  the
modified gaussian overlap and the s i x - s i t e  
models. See t e x t  for  a d e ta i l ed  descr ip t ion  
of  th ese  models.







( V 1 )
0.50 0 .0 300 6.300
MGQQ
(dw=1)
0.50 -0 .4265 265 6.474
MGDW
Cdw=0.58)
0.50 0 .0 483 6.390
MGDWQQ
(dw=0.58)
0.50 -0 .378 417 6.390
CLA 0.38 0 .0 54.5 3.730
CLAQQ 0.38 -3 .93 48.0 3.730
EW 0.50 0.0 78.3 3.375
EWQQ 0.50 -3 .8 4 69.0 3.386
5 HNote: Parameters k , Q*=Q/(eooo ) , £q , and a Q for  the gaussian
overlap models and B*=B/a . Q*=Q/(e a ,  ^)}s, e and cjss   ̂  ̂ s s  ss ss  ss
for  the s i x - s i t e  models.
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= 0 .5 5 ,  0 .50 ,  0 .45 ,  and 0 .40 )  have been performed for  the nonpolar 
only case in order to  study the e f f e c t  o f  k  on thermodynamic pro­
p e r t i e s .  For the p o ten t ia l  invo lv ing  the quadrupole moment, only  
one value of  k  ( k  = 0 .5 )  has been used and two estimated Q* = 
Q /(eQa o ) 2 values  (Q* = -0 .4265  and - 0 . 5 0 ) .  In the second s e t  of  
simulat ions using the modified gaussian overlap p o t e n t i a l ,  we have 
f ixed  dw = 0.58 and k  = 0.50 and performed simulat ions with and 
without the quadrupole moment (MGDW and MGDWQQ). Here an estimated  
Q* = -0 .378  was u t i l i z e d .  All these  simulat ion r e s u l t s  are report­
ed in appendix B.
Figures 4 . 1 - 4 . 3  show a comparison of experiment and simulation  
using the MG and MGQQ p o t e n t ia l s  (k = 0 .50 ,  d = 1,  Q* = 0 and 
-0 .4 2 6 5 ) .  These f ig u res  show th at  model MG i s  not capable of  
representing any o f  the three propert ies  shown here. ( I t  could 
represent the second v i r i a l  c o e f f i c i e n t  for benzene i f  a s e t  of  
parameters e Q and ctq d i f f e r e n t  from those determined through these  
s imulat ions were used and we have t e s t e d  t h i s . )  E f fec t  of  varying 
k  was a l so  studied and found to  be small . Comparisons for the MGQQ 
p oten t ia l  are b e t t e r ,  e s p e c i a l l y ,  in the low temperature region.  
However, even for  t h i s  ca se ,  the improvements in representing the  
second v i r i a l  c o e f f i c i e n t  are only marginal. A stronger quadrupole 
moment (Q* = - 0 .5 0 )  was a l s o  used and did not y i e l d  r e s u l t s  much 
b e t t e r  than the present  comparison for  the MGQQ model.
We a lso  show in th ese  f i g u r e s ,  a comparison of  simulation  
using the MGDW and MGDWQQ p o t e n t ia l s  ( k  = 0 .5 ,  dw = 0 .58 ,  Q* = 0 
and -0 .3 7 8 ) .  Clearly ,  the  MGDW model works b e t t er  than the MG or 
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Figure 4.1: Comparison o f  the experimental configurational
internal energy o f l iqu id  benzene with that predict­
ed by sim ulations using d ifferen t  versions of the 
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T E M P E R A T U R E  /  K
Figure 4.2: Comparison of the experimental density of liquid
benzene with tha t predicted by simulations using 
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Figure 4.3: Comparison of the second v ir ia l co e ffic ien t of
benzene with that predicted using d ifferen t versions
of the modified gaussian overlap pair potentia l.
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by Kabadi [2 4 ] ,  t h i s  model i s  c e r ta in ly  capable o f  representing  
l iq u id  benzene over a small range. Addition o f  a quadrupole moment 
further  improves t h i s  model considerably for  the configurational  
internal energy and a l s o  for  the zero-pressure dens ity .  Clearly,  
t h i s  model (MGDWQQ) with the quadrupole moment included i s  capable 
of  representing benzene over a f a i r l y  wide range. I t  i s  p oss ib le  
th a t  the comparison could be further improved by varying dw or k.
In the case of  s imulat ions involv ing the s i x - s i t e  p o t e n t ia l s ,
Gupta [34]  has used two s e t s  o f  B* in order to study the e f f e c t  of
lo c a t in g  the in ter a c t io n  s i t e s  on thermodynamic propert ies .  In the
f i r s t  s e t  o f  s im ulat ions ,  he has located the in terac t ion  s i t e s
c lo s e r  to  the p o s i t i o n  of  carbon atoms on the aromatic ring. Based
upon the values of  e gs and a sg given by Claessens e t  aj .  [ 1 1 ] ,  he
has f ixed  the reduced bond length B* = B/a = 0.380 and performed
simulat ions using the s i x - s i t e  poten t ia l  with and without the
5quadrupole moment (CLA and CLAQQ). An estimated Q* = Q/(£ SSCTSS )
= -3 .9 3  was u t i l i z e d  for  the model with the quadrupole moment. The 
purpose o f  these  s imulat ions i s  to study t h i s  model over a much 
wider range than studied before [11] .  In the second case ,  he f ixed  
B* = 0.500 based upon the est im ates  o f  e sg and CTgs from the poten­
t i a l  model of  Evans and Watts and performed s imulat ions with and 
without the quadrupole moment (EW and EWQQ). Here an estimated  
Q* = - 3 .8 4  was u t i l i z e d  for  the model with the quadrupole moment. 
Results  for  these  s imulat ions  are a l so  reported in the appendix B 
and comparisons with experiment are shown in f ig u res  4 .4 - 4 .6 .
A comparison of  experiment and s imulat ion ,  in f igu res  4 .4 ( a )  
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Figure 4.4a: Comparison of the experimental configurational
internal energy of liquid benzene with that predict­
ed by simulations using the s ix -s i te  potentials 
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Figure 4.4b: Comparison of the experimental configurational
internal energy of liquid benzene with that predict­
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Figure 4.5a: Comparison of the experimental density of liquid
benzene with tha t predicted by simulations using the 
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Figure 4.5b: Comparison o f the experimental density of liquid
benzene with that predicted by sim ulations using the
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Figure 4.6: Comparison of the second v ir ia l c o e ff ic ie n t of
benzene with that predicted using the s ix - s i t e
p o ten tia l.
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al r e s u l t s  for the configurat ional  internal  energy, U/NkT. Addi­
t io n  of  a quadrupole moment improves these  r e s u l t s  with the CLAQQ 
model being the bes t .  In t h i s  comparison the r e s u l t s  for  U/NkT 
seem to be a f f ec te d  more by the inc lus ion  of  the quadrupole moment 
than by the loca t ion  o f  the in terac t ion  s i t e s .  A comparison of  
f igure  4 .4  with f igu re  4 .1  shows MGDW and MGDWQQ to be comparable 
with the s i x - s i t e  models for  c a lcu la t in g  U/NkT.
A comparison of  s imulat ion and experiment, for  the zero-pres­
sure dens ity  shown in f ig u res  4 .5 ( a )  and (b ) ,  shows EW to be much 
b e t t er  than CLA and the addit ion of  a quadrupole moment improves 
th ese  comparisons s i g n i f i c a n t l y .  Overal l ,  EWQQ i s  perhaps the best  
model followed by EW and CLAQQ which are comparable. I t  i s  c lear  
th a t  the loca t ion  o f  in tera c t io n  s i t e s  in the s i x - s i t e  models 
a f f e c t s  the zero-pressure  dens i ty  in these  f l u i d s  j u s t  as does the 
inc lu s ion  of  a quadrupole moment. We note th at  EW has the same B* 
as the or ig ina l  model of Evans and Watts [3 ]  and the use of a a gs
given in tab le  1 would lead,  by r e s c a l in g ,  to  a crys ta l  c e l l  volume 
°3o f  460.5  (A ) based upon the c a lc u la t io n s  of  Claessens e t  aj .  [11]  
and very c lo se  to the experimental crys ta l  c e l l  volume of  
443.3  (A3).
For the second v i r i a l  c o e f f i c i e n t s ,  the comparison of  simula­
t io n  and experiment i s  surpr is ing .  Here the s i x - s i t e  models CLA 
and EW shows good agreement with experiment and the addit ion o f  a 
quadrupole moment only worsens the agreement. Even then the com­
parison i s  b e t t er  than th at  o f  Linse [12] who has used a 1 2 - s i t e  + 
point  charge model. Reasons for  t h i s  behavior are not c lea r  and 
are perhaps due in part to the exc lus ion  of  p o l a r i z a b i l i t y  and
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t r i p l e t  in te ra c tio n s  [47 ,  48] in the present models.
We can compare f ig u res  4 .1  and 4 .2  with f igu res  4 .4  and 4 .5  to  
study how well  the modified gaussian overlap p o ten t ia l  models 
l iq u id  benzene v is -& -v is  the s i x - s i t e  p o t e n t ia l .  A comparison of  
f igu res  4 .1  and 4 .4  shows the models MGDW and MGDWQQ to be compar­
able to  EW and EWQQ in p red ic t in g  the configurat ional  internal  
energy, U/NkT. Figures 4 .2  and 4 .5  show a s im i lar  comparison 
between the modified gaussian overlap and s i x - s i t e  p o t e n t ia l s  for  
the case o f  the zero-pressure  dens i ty .  Not only are the modified  
gaussian overlap and the s i x - s i t e  p o t e n t ia l s  s im i lar  in modeling 
benzene, the e f f e c t  of  quadrupole moment i s  a l s o  s im i lar  for  both 
these  p o t e n t ia l s .  However, t h i s  comparison does not extend to  the  
gas phase.
4 .4 .  Summary
We have made a study of  the p o s s i b i l i t y  of  representing  l iq u id
benzene through the use o f  the modified gaussian overlap model
p o t e n t ia l s .  C learly ,  the modified gaussian overlap p o t e n t ia l s  are
comparable with the s i x - s i t e  p o t e n t ia l s  in t h e i r  pred ic t ion  of
thermodynamic propert ies  o f  benzene. In the case o f  the modified
gaussian overlap p o t e n t i a l ,  the wel l -width  parameter, d , i s  impor-w
tan t  and preferably  ~ k  for  ob la te  molecules.  In the case o f  the 
s i x - s i t e  p o t e n t i a l ,  the lo c a t io n  o f  the in tera c t io n  s i t e s  i s  impor­
tan t  and i t  i s  preferred th at  these  be located on the C-H bonds in 
order to help account for  the whole CH group. For both the poten­
t i a l  models, inc lu s ion  of  the quadrupole moment plays a very impor­
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tan t  ro le  and al lows these  p o t e n t ia l s  to  model benzene for  a f a i r l y  
wide range of the l iq u id  s t a t e .  Even then we should remember that  
the models used here are only e f f e c t i v e  pair  p o t e n t ia l s  and c o n tr i ­
butions due to p o l a r i z a b i l i t y  and t r i p l e t  in ter a c t io n s  [47,  48]  
should a l so  be included. In the modeling o f  f lu id s  containing  
nonspherical molecules,  i t  i s  important to  take in to  account both 
the shape and e l e c t r o s t a t i c s  i f  the poten t ia l  models are to  work 
well  and our s imulat ion r e s u l t s  and comparisons with experiment 
support t h i s .  We a lso  note that  p r e d ic t iv e  methods have a l s o  been 
shown to  work well  for both these  types of  model p o t e n t ia l s  [27-29,  
42,  43].  Thus, p r e d ic t iv e  methods can be appl ied ,  using these  
p o ten t ia l  models,  to f l u i d s  such as benzene.
In addit ion to the l im i ta t io n s  discussed  in s ec t io n  4 . 2 ,  the 
modified gaussian overlap model accounts for  the presence of  the 
protruding hydrogen atoms in benzene only in a mean f i e l d  manner. 
A more accurate d escr ip t ion  of  benzene can perhaps be obtained by 
plac ing  s i x  small spheres on the e l l i p s o i d  in order to  e x p l i c i t l y  
represent the hydrogen atoms. This idea can be extended to hexa- 
fluorobenzene,  hexamethylbenzene, and other su b s t i tu ted  aromatic 
hydrocarbons. S im i lar ly ,  poin t charges [32] or d i s tr ib u te d  multi - 
poles  [18,  19] can a l so  be imbedded in the e l l i p s o i d s  in order to  
help account for  the e l e c t r o s t a t i c  e f f e c t s  which would be bet ter  
than our use o f  the simple mult ipole  expansion in t h i s  study. All 
th ese  changes,  however, would lead to  increased computing require­
ments.
Results of  the comparison between the experimental data for
♦
benzene and simulat ion using the modified gaussian overlap poten­
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t i a l  provide us with in cen t ive  to in v e s t ig a t e  other nonspherical  
molecules a l so .  P o s s i b i l i t y  o f  s imulat ing f l u i d  mixtures a lso  
a r i s e s  and t h i s  could be in v es t ig a ted .  We note that  the form of  
t h i s  poten t ia l  i s  quite  simple for  the case o f  mixtures o f  f lu id s  
of  nonspherical and spherical molecules [5 ,  33].
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Chapter 5 
Computer Modeling o f  Naphthalene
5 .1 .  Introduction
I t  i s  now well e s t a b l i s h e d  th a t  both molecular shape and 
e l e c t r o s t a t i c  e f f e c t s  need to  be included in the intermolecular  
in t e r a c t io n s  i f  molecular theory and s imulat ion are to  be used for  
a proper modeling of  f lu id s  contain ing nonspherical molecules  
[ 1 - 3 ] .  The former i s  usua l ly  modeled through atom-atom or s i t e -  
s i t e  p o t e n t ia l s  [1 -3 ]  and the l a t t e r  through point  charge models
[4 ]  or the central mult ipole  expansion [ 2 , 5 ] .  The use o f  s i t e - s i t e  
p o t e n t i a l s  and po in t  charges works well for  systems o f  small mole­
c u l e s ,  however, t h i s  approach tends to become cumbersome and compu­
t a t i o n a l l y  d i f f i c u l t  for  systems of  large  nonspherical,  r ig id  or 
s e m i f l e x i b l e ,  molecules [ 2 ] .  The central mult ipole  expansion a lso  
tends to  become inaccurate  for  such systems [ 6 , 7 ]  and there i s  a 
need for  improved model p o t e n t i a l s  in order to  extend molecular  
theory and s imulat ion to  more complex systems of  pra c t ica l  impor­
tance .
In chapter 4 ,  we s tudied  the use of  the  modified gaussian  
overlap pair  p o ten t ia l  [8 -1 3 ]  to  model l iq u id  benzene [14] .  In the  
gaussian overlap model, a molecule i s  regarded as an e l l i p s o i d a l  
gaussian d i s t r ib u t io n  of  force  centers  [ 8 ,9 , 1 5 , 1 6 ]  with the shape 
o f  the e l l i p s o i d ,  pro la te  or o b la te ,  con tro l led  by an anisotropy  
parameter. The r e s u l t in g  pair  p o ten t ia l  has a, Lennard-Jones type
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express ion ,  for  the r-dependence between the molecular cen ters ,  
with e x p l i c i t  orientat ion-dependent  in tera c t io n  parameters. I t  has 
been shown th at  t h i s  model, a f t e r  including the necessary e l e c t r o ­
s t a t i c  con tr ib u t ion s ,  determined experimental ly or from quantum- 
mechanical c a l c u l a t i o n s ,  can be used to  model well  the thermodynam­
i c s  of  f l u i d s  o f  small nonspherical molecules such as benzene 
[ 1 2 , 1 4 , 1 7 ] ,  nitrogen [ 1 7 ] ,  and carbon dioxide [17] .  Further,  t h i s  
p o ten t ia l  has been shown to  be comparable to  the i s o tr o p ic  s i t e -  
s i t e  p o t e n t ia l s  for  thermodynamic propert ies  o f  these  f lu id s
[ 1 2 .1 4 ] ,  su i ta b le  for t h eo r e t i c a l  developments [10-15]  including  
the property p r e d ic t iv e  methods, and computationally e f f i c i e n t .
The quest ion o f  using t h i s  p o ten t ia l  to  model f l u i d s  o f  more 
complex molecules a r i s e s  and i t  has been suggested th at  t h i s  model 
can be used in conjunction with the s i t e - s i t e  in ter a c t io n  model
[ 8 .1 4 ] .  Thus, for  example, naphthalene can be modeled as a dumbell 
of  two obla te  e l l i p s o i d s  and phenantherene can be modeled as a 
shamrock o f  three  ob la te  e l l i p s o i d s .  Various other p o s s i b i l i t i e s  
invo lv ing  combinations o f  spheres and, pro la te  and o b la t e ,  e l l i p ­
so ids  a l so  a r i s e .  This i s  the idea of  the an iso trop ic  s i t e - s i t e  
p o t e n t i a l s  where each in ter a c t io n  s i t e  i t s e l f  i s  modeled through an 
a n iso trop ic  poten t ia l  model.
We point out that  t h i s  idea o f  an iso trop ic  s i t e - s i t e  poten­
t i a l s  i s  s im i lar  to  the idea o f  an iso trop ic  atom-atom p o t e n t ia l s  
advocated by Stone and coworkers [ 6 ,7 ,1 8 - 2 3 ]  with some d i f fe re n c e s .  
Here, the sca le  of  anisotropy i s  larger  and the geometry o f  the 
in t e r a c t io n  s i t e s  i s  well known. We a lso  point out th at  through a 
simple anisotropy parameter the shape of  the in ter a c t io n  s i t e  can
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be s p e c i f i e d  which can become spherical as a spec ia l  case .  Thus,
the i s o tr o p ic  s i t e - s i t e  p o t e n t ia l s  can be considered to  be a 
spec ia l  case o f  the an iso trop ic  s i t e - s i t e  p o ten t ia l  models. These
aspects  w i l l  be discussed  l a t e r  in d e t a i l .
In t h i s  chapter,  we perform molecular dynamics s imulations to
study t h i s  idea of  an iso trop ic  s i t e - s i t e  p o t e n t ia l s  with the model­
ing of  naphthalene as a p rac t ica l  example. Naphthalene has been 
chosen for  t h i s  purpose s ince  t h i s  provides an extension of  our 
success fu l  modeling o f  benzene using the modified gaussian overlap  
pair  poten t ia l  [14] and a lso  due to i t s  importance as a model 
so lu te  in s tu d ies  o f  s o l i d  s o l u b i l i t y  in l iq u ids  [24] as well as 
su p e r c r i t i c a l  f l u i d s  [25] .  The need for  an improved pair  poten t ia l  
o f  naphthalene has already been pointed out by Shing and Chung [26]  
who used quadrupolar Lennard-Jones spheres to  model the s o l u b i l i t y  
of  naphthalene in su p e r c r i t i c a l  carbon dioxide .
In s ec t io n  5 .2 ,  we d iscuss  the d e t a i l s  of  the an iso tropic
s i t e - s i t e  p o ten t ia l  with the modified gaussian overlap in terac t ion
s i t e s  and, in sec t io n  5 . 3 ,  we d iscuss  the re la ted  simulation meth­
odology. The simulation r e s u l t s  are then compared with the experi ­
mental thermodynamic data in s e c t io n  5 .4 .  This model i s  a lso  
compared with s imulat ion r e s u l t s  from a t e n - s i t e  Lennard-Jones 
(12:6 )  p o ten t ia l  in t h i s  s ec t io n .  We then study the microscopic
l iq u id  structure  in the simulated l iq u id  and introduce the idea an
a n iso trop ic  s i t e - s i t e  pa ir  d i s t r ib u t io n  function in sec t io n  5 .5  and 
in s e c t io n  5 .6  we d iscu ss  some p o s s ib le  approaches for  pred ic t ion  
of  thermodynamic proper t ie s .
5 .2 .  Potent ia l  Model Development
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For a pair  o f  molecules 1 and 2,  with or ien ta t io n s  tu2 and 
and a t  a center  to  center  pa ir  separation r ^ »  the anisotropic  
s i t e - s i t e  pair  potent ia l  i s  given by
n n
ĉ (r12U)l UJ2) = .11 .11 <i>Cri  ̂ t5-1)
where i i s  the in tera c t io n  s i t e  on molecule 1, j  i s  the in terac t ion  
s i t e  on molecule 2,  r^j i s  the sca lar  d is tance  between the centers  
o f  s i t e s  i and j ,  u». and u)j are the o r ien ta t io n s  of  these  s i t e s  i 
and j w . r . t .  the s i t e - s i t e  un it  vector  r  ̂ . ,  and n i s  the number of  
in ter a c t io n  s i t e s  in the molecules which i s  2 for  t h i s  part icu lar  
case .
Here we have chosen to  model the an iso trop ic  in terac t ion  s i t e s
as a x i a l l y  symmetric e l l i p s o i d s  o f  revo lu t ion  using the modified
gaussian overlap po ten t ia l  [8 -16]  for  <t>Cr. .uj-u>-). Thus, for  a pure
J
f l u i d  modeled through homonuclear molecules,  we have
dw I?<()(r . .uj.u) .) = 4e(u).u>.)[(------------—.)
i j  i y  '  i J r i j  " 0 (*jui u,j )  + dw
with the o r ien ta t io n  dependent e(u).w.) and cr(u>.u>.) given by
J  ̂ J
eCuj^j) = e Q[ l  -  x2(Y1 • vj. ) 2 ]'s/(a(uJi.u)j. ) / a o) 2 ( 5 .3 )
Here and v .  are the un it  vectors  along the symmetry axes of  the  
e l l i p s o i d a l  in ter a c t io n  s i t e s ,  e Q and ctq are the a t t r a c t i v e  energy 
and molecular s i z e  parameters in the p o t e n t i a l s ,  and x i s  the  
anisotropy paparmeter given by
X = ( k 2 - 1) /  ( k 2 + 1) . ( 5 .5 )
Here k i s  the length  to  breadth r a t io  o f  these  e l l i p s o i d s  such that  
k > 1 for  pro la te  e l l i p s o i d s ,  k < 1 for  oblate  e l l i p s o i d s ,  and as a 
spec ia l  case k = 1 for spheres.  The form of  equation ( 5 . 2 )  leads  
to  a p o ten t ia l  with a nearly constant a t t r a c t i v e  well width which 
i s  further  con tro l led  by a parameter dw, introduced by Kabadi 
[ 1 2 ,1 3 ] ,  such th a t  d^ = 1 for  pro la te  e l l i p s o i d s  and spheres and 
dw ~  k for  ob la te  e l l i p s o i d s .  Thus, parameters e Q, ctq , and k are 
needed to  s p e c i f y  the in t er a c t io n s  amongst the a n iso trop ic  s i t e s  
through equations ( 5 . 2 ) - ( 5 . 5 ) .
The form o f  the modified gaussian overlap p o ten t ia l  described  
here,  equations  ( 5 . 2 ) - ( 5 . 5 ) ,  i s  a simpler vers ion o f  the model 
described by Kabadi [1 2 ,1 3 ] .  Equation ( 5 . 4 )  in th i s  model has been 
shown to represent well  the thermodynamic propert ies  o f  hard e l l i p ­
so ids  o f  revo lu t ion  [27-29] .  Also,  equation ( 5 . 3 )  in t h i s  model 
has been shown to  mimic the o r ien ta t io n  dependence, a t  short  range,
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of  the a t t r a c t i v e  well depth given by the i s o t r o p ic  t w o - s i t e  and 
s i x - s i t e  po ten t ia l  models [2 8 ,2 9 ] .  However, modeling of molecules  
through e l l i p s o i d s  of  revolu t ion  leads  to  molecules which are 
th ick er  in the middle which i s  contrary to  the physical under­
standing o f  the geometry of  molecules such as benzene and nitrogen.  
In s p i t e  of  t h i s ,  the modified gaussian overlap poten t ia l  i s  com­
parable to  the i s o tr o p ic  s i t e - s i t e  p o t e n t ia l s  for  modeling thermo­
dynamic propert ies  o f  f l u i d s  contain ing  small nonspherical mole­
cu les  [ 1 ,2 ,1 0 - 1 4 ,1 7 ] .
Equations ( 5 . 1 ) - ( 5 . 5 )  provide us with an a n iso trop ic  s i t e - s i t e  
p o ten t ia l  in which in t e r a c t io n s  between the s i t e s  are modeled 
through the modified gaussian overlap p o t e n t i a l .  For the case of  
k  = 1,  t h i s  an iso trop ic  s i t e - s i t e  p o ten t ia l  reduces to  the i so trop ­
ic  Lennard-Jones (12:6)  s i t e - s i t e  p o t e n t ia l .  Also i f  a l l  the s i t e  
centers  are located  a t  one point  in the molecule ,  the an iso tropic  
s i t e - s i t e  p o ten t ia l  simply reduces to a mult ip le  of  o n e - s i t e  aniso­
trop ic  p o ten t ia l  given by <j>(r. .uu.w.). These two cases are as
1 J * J
expected.
The idea behind t h i s  model, equations ( 5 . l ) - ( 5 . 5 ) ,  i s  s im ilar  
to  the a n iso trop ic  atom-atom pair  po ten t ia l  used for  nitrogen and 
ch lor ine  molecules by Stone and coworkers [ 6 ,7 ,1 8 - 2 3 ] .  In f a c t ,  
equations ( 5 . 1 )  and ( 5 . 2 )  combined are qu ite  s im i lar  to  equation  
(11) o f  Stone and Price [6 ]  which models the exchange-repulsion  
term for  nitrogen using an a n iso trop ic  t w o - s i t e  exponent ia l-6  
model. The an iso trop ic  s i t e s  u t i l i z e d  by these  authors [ 6 ,7 ,1 8 - 2 3 ]  
are a l so  a x i a l l y  symmetric j u s t  as in equations ( 5 . 2 ) - ( 5 . 5 ) .  
However, the s ca le  of  anisotropy i s  larger  in our case than the
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anisotropy of  d i s to r te d  atoms or o f  CH2 or CH3 groups [ 6 , 7 ,  18-23] .  
Also the shape o f  anisotropy i s  well  def ined in our case.  Here, 
the anisotropy of  the in ter a c t io n  s i t e s  i s  based upon the geo­
metrical in t e r p r e ta t io n ,  o f  the anisotropy o f  the chemical group 
being modeled, rather than f i t t e d  to  the r e s u l t s  from a b - i n i t i o  and 
molecular orb ita l  computations.
In t h i s  chapter,  we have modeled naphthalene as a dumbell of  
two ob la te  e l l i p s o i d s  ( k  < 1) with a constant  molecular e longation,  
£. A s ide  view o f  the model molecule i s  as shown in f igure  5 .1 .  
Naphthalene i s  a planar molecule ,  thus,  the model molecular axis  
and the two symmetry axes o f  these  e l l i p s o i d s  are p a ra l le l  and l i e  
in the same plane. Except for  some minor d i f f e r e n c e s ,  the model 
molecule i s  qu ite  s im i la r  in shape as well  as in i t s  value of <e^ >  
to  the real naphthalene molecule. The in tera c t io n  between a pair  
of  naphthalene molecules i s  s p e c i f i e d  by e Q , ctq , k , and the molecu­
lar  e longation  £. The value o f  k  has been f ixed  at  0.50 which i s  
same as th at  used e a r l i e r  for  s tu d ies  o f  benzene [14] .  The molecu­
lar  e lon gat ion ,  £ ,  has been obtained from geometric considerat ions
and has been f ix e d  at  2 .442 A for  est im at ion  o f  £* = SL/a .o
In modeling f l u i d s  conta in ing  aromatic hydrocarbon l i q u i d s ,  i t  
i s  important to  include e l e c t r o s t a t i c  forces  a lso .  We have studied  
the e f f e c t  o f  e l e c t r o s t a t i c  forces  in l iq u id  naphthalene a l so  by 
performing s imulat ions with an a n iso trop ic  s i t e - s i t e  potent ia l  
which includes po in t  quadrupoles placed a t  s i t e  centers .  Thus,
O
n o n p o l a r (5 .6 )
I l l
Figure 5.1: A molecular model for naphthalene using a dumbell of
two oblate e llip so id s  whose axes o f revolution  
(dashed lin e s )  are also shown.
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where (j)nonP0 âr -js  g-jv e n  by the modified gaussian overlap poten­
t i a l ,  equations ( 5 . 2 ) - ( 5 . 5 ) ,  and <J>̂  i s  given by
4>QQ( r .  .u>.u>.) = ( - ? Q2 ) [1 -  5(C.2 + C.2 ) - 
* J 1 J A v* 1 J
4 i j
15C.2C.2 + 2(C. • - 5C.C.)2 ].  ( 5 .7 )i J  ̂J  ̂ J
Here Q i s  the quadrupole moment o f  the in tera c t io n  s i t e s ,  = 
r .  . • v . ,  C. = r . . • v . ,  and C..  = v. • v . .  This idea i s  s im ilar
J vj *\J J ' J * J
to  the d is tr ib u ted  mult ipole  approximation o f  Stone and coworkers
[ 6 , 7 ] ,  however, as noted before the polar moment here i s  for the 
aromatic ring as a whole and not j u s t  for  a CH or a CH2 group. In 
a dd it ion ,  the p o l a r i z a b i l i t y  should a lso  be included but t h i s  has 
been l e f t  out due to computational requirements.  We note that the  
in c lu s io n  of d is tr ib u ted  quadrupole enhances the anisotropy of the  
in t er a c t io n  s i t e s .
5 .3 .  Molecular Dynamics Simulation Methodology
Two s e t s  o f  NVT molecular dynamics simulat ions have been 
performed to model naphthalene using the an iso tropic  tw o -s i te  
p o t e n t ia l s  described in s e c t io n  5 .2 .  In the f i r s t  s e t  of  simula­
t i o n s ,  the s i t e s  have been modeled using the modified gaussian  
overlap p oten t ia l  only ,  whereas in the second s e t  o f  s imulat ions ,  
point  quadrupoles have a l s o  been added to the s i t e s  in accordance 
with equation ( 5 . 6 ) .  In both the c a se s ,  simulat ions have been
performed using systems of  256 dumbells. Here, we d iscuss  the  
s p e c i f i c s  o f  our s imulat ions and re fer  the in teres ted  reader e l s e ­
where [30-34]  for  d e t a i l s  o f  molecular dynamics simulation method­
ology.
The fo l lowing  molecular equations o f  motion have been solved  
in a "periodic cubic box".
( 5 .8 )
( 5 .9 )
Here m and I  are the mass and moments o f  i n e r t i a  tensor ,  respec-
N Nt i v e l y ,  F i s  the fo rce ,  <J>(r w ) i s  the to t a l  intermolecular poten­
t i a l  energy o f  the simulated system, Q i s  the angular momentum, 
i s  the torque in the body-fixed (p r in c ip a l )  coordinates .  Dots 
denote time d e r iv a t iv e s  and k i s  the subscr ip t  for  molecules.  The 
t r a n s la t io n a l  equations o f  motion have been so lved in Cartesian 
coordinates  using Gear's f i f t h  order pred ic tor -corrector  algorithm 
for  second order d i f f e r e n t i a l  equations [35] .  The rotat ional  
equations  of  motion have been solved in Hamilton's quaternion  
coordinate  system [36 ,37 ]  using Gear's fourth order pred ic tor -cor ­
rector  algorithm for f i r s t  order d i f f e r e n t i a l  equations [35] .
Forces and torques on molecule centers  are needed in order to 
so lve  equations ( 5 .8 )  and ( 5 . 9 ) .  For t h i s  purpose,  the s i t e - s i t e  
dis tan ce  r . j  i s  evaluated from
N N
m k _ p _ _ 9 $ ( r ) k = 1 Nk - k 9 r,
and
h  0k * 2k « I k nk) = r k = 1 , . . .  ,N.
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where and hj are the space- f ixed  s i t e  vectors  from molecule  
centers  to  the r e sp e c t iv e  s i t e  centers .  These vectors  can be 
obtained from
hi = * b. (5 .1 1 )
where £  i s  the ro ta t ion  matrix o f  a molecule [38] and i s  o f  the 
form given by Evans and Murad [27]  for  the quaternions,  and b. i s  
the s i t e  vector  from the molecule center  to  the s i t e  center in 
body-fixed coordinates .  In the case o f  naphthalene, unit  vectors  
v. and v- are the same as the unit  vectors  def in ing  the or ien ta ­
t io n s  of  molecular axes and th ese ,  along with r  ̂ . ,  can be u t i l i z e d  
to  obtain s i t e - s i t e  forces  and torques from equations ( 5 . 2 ) - ( 5 . 4 ) .  
For t h i s  purpose,  the sp ace - f ixed  coordinate formulation of  Cheung 
[39] i s  u t i l i z e d  to numerically evaluate
F . . = -  V~ ( b ( r . -u).u). )  
- i j  - j r . .  i j  i j '
E l J  =  -  v ,  X
Eji  = -  vj X Vv .
2
with F . .  = -  F. .. In doing so we take in to  account a l l  the n
J  • ■ J
N (N -l ) /2  s i t e  p a ir s ,  except for  those  beyond the po ten t ia l  c u t - o f f .
From the s i t e - s i t e  forces  and torques ,  forces  and torques on 
molecule centers  can be e a s i l y  ca lcu la ted
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n
(5 .1 3 )
n n
The torque i s  then converted to  body f ixed  coordinates  according to
Due to  the or thogonal i ty  of  the ro ta t ion  matrix A, i t s  inverse  i s  
obtained simply as the transpose  of  A. Additional d e t a i l s  regard­
ing the numerical in teg ra t io n  o f  equation ( 5 . 8 )  and ( 5 .9 )  can be 
found in the l i t e r a t u r e  [30-34] and are not d iscussed here. The 
computer code has been t e s t e d  to  simulate both the i s o tr o p ic  s i t e -  
s i t e  and one center  modified gaussian overlap p o ten t ia l  f l u i d s  and 
the r e s u l t s  are in good agreement with e x i s t i n g  l i t e r a t u r e  values  
[2 8 ,2 9 ,4 0 ] .
All the s imulat ions have been s tar ted  with an a-FCC l a t t i c e  as 
the i n i t i a l  conf igurat ion  and using i n i t i a l  random v e l o c i t i e s .  In 
each case ,  the system was allowed to  e q u i l ib r a te  for  800 tim e-steps  
fo llowed by production runs o f  8,000 t im e-s teps  with t im e-steps  of  
s i z e  At* = 0 .0015,  t* = t /(mao^ /e Q)^. Momentum sca l in g  [41] was 
used to  maintain the constant temperature. Potent ia l  energy and 
pressure were obtained from th ese  simulat ions according to:
(5 .1 4 )
U = <1 1 <}>(r . .u).uu.)> 
i j  13 Ji j  i J MVT
(5 .1 5 )
and
where N i s  the number o f  molecules ,  T i s  the temperature,  V i s  the 
system volume, k i s  the Boltzmann's constant ,  and the angle brac­
kets  denote time average or ensemble average. The pair  poten t ia l
has been truncated at  the s i t e - s i t e  cut o f f  d is tan ce  o f  r . =cut
2 .0  ctq and long range co rrect ion s  to  pressure and internal  energy 
have been applied according to
2 ° °  2U = 2 7t N p n f  r .  • <<])(r. .uj.u).)> d r . .  (5 .1 7 )corr K J i j  i j  i y  w.u>. i j  '
cut 1 J
and
o ? 00 q 3 <t>(r. au-tu.)
( pv) ™ ^  = ‘ I  * N p n  ̂ f  r . .  < -----------  -..J > d r . . .  (5 .1 8 )corr  3 t  3 r . . u».u>. i j  J
cut  1J 1 J
Here the angle brackets denote o r ien ta t io n  averages and n = 2 for  
t h i s  p a r t i c u la r  case .
For each of  the a n iso tr o p ic  s i t e - s i t e  p o t e n t i a l s ,  s imulat ions  
have been performed at  s i x  s e l e c te d  values  o f  T*, T* = kT/eQ, and
3
a t  such reduced d e n s i t i e s  p * ,  p *  = p a Q , in the l iq u id  range that
the f in a l  pressure r e s u l t s  are zero or so with in  the estimated
s imulat ion  errors .  (For t h i s ,  some small t r i a l  s imulat ions  are
performed).  In the case  o f  nonpolar only s im ulat ions ,  an est imated
reduced molecular e longat ion  o f  2* = 0 .381 has been used, and in
the  case  o f  s im ulat ions  with s i t e  quadrupoles, a reduced molecular
e lon gat ion  o f  0.382 and an est imated reduced quadrupole moment of  
R 1 / 2
Q* =  Q/(e cr )  = 0 .22  has been used. In ad d i t ion ,  NVT Simula-0 0
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t i o n s  have a l so  been performed using the nonpolar anisotropic  
s i t e - s i t e  p o ten t ia l  to  obtain the res idual Helmholtz free  energy 
v ia  thermodynamic in tegra t ion  [28 ,29]
where z = P/pkT i s  the co m press ib i l i ty  fac tor .  These additional  
s imulat ions have been performed to  generate r e l i a b l e  data for  
t e s t i n g  property p r e d ic t iv e  methods. Results from these  simula­
t io n s  are reported in s e c t io n  5 .4  for  thermodynamic propert ies  and 
in s ec t io n  5 .5  for  the microscopic l iq u id  s tructure.
We have a l so  performed simulat ions using a Weeks-Chandler-An- 
dersen type s i te - fram e rep u ls iv e -o n ly  reference  potent ia l  to  study 
the e f f e c t  of a t t r a c t i v e  forces  in  the f l u i d s  modeled by the non­
polar an iso trop ic  s i t e - s i t e  model. This reference  potent ia l  i s  
given by
Here r . i s  the lo ca t io n  o f  r . . a t  which the s i t e - s i t e  potentia lmin t  t  “
P z -  1 A/NkT = /  (±— ^)dp
n P0




= 0 (5 .21)
<t)( r . -to.io.) has an a t t r a c t i v e  minimum for  given w. and u>. and 
J ' j 1 J
^ m in ^ i^ j )  i s th at  minimum value.  We note th at  t h i s  reference
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po ten t ia l  i s  a combination o f  the i so tr o p ic  s i te - fram e reference of  
Sung and Chandler [42] and the center-frame reference  o f  Mo and 
Gubbins [43] .  Results from t h i s  s e t  o f  simulat ions are reported 
and discussed  in sec t ion s  5 .5  and 5.6 .
5 .4 .  Thermodynamic Results
Table 5 .1  shows the zero-pressure  l iq u id  dens i ty  and p o ten t ia l  
energy r e s u l t s  from molecular dynamics simulat ions using the an iso ­
tr o p ic  t w o - s i t e ,  nonpolar and polar ,  pair  p o t e n t ia l s .  In add it ion ,  
t a b le  5 .2  - shows r e s u l t s  for  pressure,  poten t ia l  energy, and the  
res idual Helmholtz free  energy, for the nonpolar f l u i d ,  for  an 
isotherm at  T* = 3 .5 .  Potentia l  parameters,  obtained l a t e r  for  
naphthalene, show t h i s  temperature to  be s u f f i c i e n t l y  above the 
c r i t i c a l  temperature in reduced units  so the method o f  thermodynam­
i c  in tegra t ion  can be applied over the e n t i r e  isotherm. Estimated 
errors are: ± 0.002 for  p*; ± 0 .05 or 0.5%, whichever i s  the
la rg er ,  for  U/NkT; and ± 0 .01  or 1%, whichever i s  the la rg er ,  for  
P* = Pa 0/ £0 f ° r the a n iso trop ic  t w o - s i t e  poten t ia l  simulat ion  
r e s u l t s .
These s imulat ions have been performed such th a t  s imulat ion  
r e s u l t s  can be compared with the experimental data for  saturated  
l iq u id  napathalene in the temperature range 350-650 K. In t h i s  
range, the saturat ion  pressure  i s  small enough so we can s a f e ly  
assume
p(P = 0 ,  T) = ps a t (T) (5 .2 2 )
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Table 5.1: Zero-pressure l iq u id  dens i ty  and poten t ia l  energy
r e s u l t s  from molecular dynamics simulat ions using the  
a n iso trop ic  t w o - s i t e  p o t e n t i a l ,  polar and nonpolar. 
Simulation r e s u l t s  from an i s o t r o p ic  t e n - s i t e  model are 
a lso  shown.
T* p* U/NkT
( k  = 0 .50 ,  d w  = 0 .58 ,  B* = 0 .381)
1.204 1.244 - 15.90
1.400 1.187 - 12.77
1.600 1.127 - 10.37
1.800 1.057 - 8.46
2.000 0.981 - 6 .91
2.207 0.879 - 5.48
( k  = 0 .5 0 ,  dw = 0 .58 ,  &* = 0 .382 ,  Q* = - 0 .22 )
1.250 1.245 - 15.61
1.400 1.200 - 13.18
1.600 1.137 - 10.66
1.800 1.063 - 8.62
2.000 0.982 -  6.99
2.200 0.886 - 5.59
(T e n -s i te  Lennard-Jones (12 :6 )  r e s u l t s )
5 .4 0.1790 - 15.80
6 .0 0.1737 - 13.62
7 .0 0.1620 - 10.56
8 .0 0.1495 - 8 .28
9 .0 0.1350 - 6.45
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Table 5.2: NVT molecular dynamics simulation r e s u l t s  for the
nonpolar a n iso trop ic  t w o - s i t e  p o t e n t i a l ,  equations  
( 5 . l ) - ( 5 . 5 ) ,  for  T* = 3 .50 ( k = 0 .5 0 ,  d = 0 .58 ,  and 
£* = 0 .3 81) .  W
p* P* U/NeQ A/NkT
0.10 0.317 -  1.31
0.20 0.587 -  2.67 - 0.184
0.30 0.846 -  3.83
0 .40 1.11 -  4 .98 - 0.315
0 .50 1.54 -  6.25
0.60 2 .04 - 7.39 - 0.367
0.70 2.99 - 8 .67
0.80 4 .61 - 10.02 - 0.300
0.90 7.20 - 11.40
1 .00 11.6 -  12.82 - 0.006
1.10 19.5 - 14.12
1.20 31.7 - 15.29 0.747
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due to the near in c o m p re s s ib i l i ty  o f  dense l iq u id s .  Density of  
saturated l iq u id  naphthalene, as a function of  temperature,  i s  
already a v a i la b le  [44] .  Heat of  vaporizat ion ,  AHV, i s  a lso  a v a i l ­
able [44]  as a function o f  temperature,  and can be used along with 
the second v i r i a l  c o e f f i c i e n t  [ 4 5 ] ,  B, to obtain the potent ia l  
energy according to  [46]
U = - AHv + PSat(Vg -  V p  + [ j  dB .  B] . ( 5 . 23)
9
Here V and V-, are the saturated vapor and l iq u id  molar volumes, 
y 1
r e s p e c t iv e ly ,  Psa t  i s  the sa turat ion  vapor pressure ,  and R i s  the  
gas constant .  These r e s u l t s  for  saturated l iq u id  naphthalene 
d ens i ty  and po ten t ia l  energy can be assumed to  be a t  the zero-pres-  
sure condit ion  due to  the ap p l ica t ion  o f  equation (5 .2 2 ) .
These experimental data for  the p o ten t ia l  energy can be com­
pared with the s imulat ion r e s u l t s  in ta b le  5 .1  to  obtain the poten­
t i a l  parameter, e . After  t h i s ,  the s imulat ion r e s u l t s  and experi ­
mental data for  the zero-pressure  d ens i ty  can be e a s i l y  compared to  
obtain the pa ir  po ten t ia l  s i z e  parameter, aQ. This i s  according to  
the procedure suggested by Wojcik e t  aj .  [47] .  Comparison a t  only  
one temperature i s  needed to  evaluate  the p o ten t ia l  parameters 
l i s t e d  in ta b le  5 .3 .  However, th ese  zero-pressure  r e s u l t s  are 
obtained, from s imulat ion as well  as experiment,  as function of  
temperature. Thus, th ese  r e s u l t s  f i t t e d  to  the propert ies  at  one 
p o in t ,  can a l s o  be used to  study the e f f e c t i v e n e s s  of the poten­
t i a l ,  in modeling thermodynamic propert ies  over a wide range of  
temperature.
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Table 5.3: Potent ia l  parameters e Q and aQ from a comparison of
s imulat ion r e s u l t s  with experimental data. Also shown 
are po ten t ia l  parameters e and a from an i so trop ic  
t e n - s i t e  model. ss  ss
Model !*■ = H/o0 ( e 0/k) /K
■or-
a /A 0 Q*
Nonpolar an iso trop ic  0.381  
t w o - s i t e  p o ten t ia l
295 6.48 -
Anisotropic  t w o - s i t e  0.382  
+ s i t e - s i t e  quadrupoles
290 6.48 - 0.220




Figure 5 .2  shows a comparison o f  simulation and experiment for  
the p o ten t ia l  energy of  l iq u id  naphthalene. The poten t ia l  energy 
r e s u l t s  from the nonpolar and the polar an iso trop ic  s i t e - s i t e  
p o t e n t ia l s  are c lo se  to  each other and only a part o f  the l a t t e r  
curve could be shown. Simulation r e s u l t s  using these  two poten­
t i a l s  a l so  compare well  with experiment with ,  perhaps, the polar  
p oten t ia l  s imulat ions being s l i g h t l y  b e t ter .  Figure 5 .3  shows a 
s im i la r  comparison for  dens ity .  Here, the polar  p o ten t ia l  i s  
dec ide ly  be t ter  when simulat ion i s  compared with experiment, a l ­
though the nonpolar po ten t ia l  s imulat ion r e s u l t s  are a l so  good. 
Recently,  we have studied the modeling o f  l iq u id  benzene using the ,  
s i n g l e - s i t e ,  modified gaussian overlap poten t ia l  and i t  was shown 
th at  the a nonpolar p o ten t ia l  can model l iq u id  benzene only over a 
short range o f  temperature. Polar in tera c t io n s  were needed, and 
found to have a s i g n i f i c a n t  e f f e c t ,  in a proper modeling o f  satur­
ated l iq u id  benzene over a wider range of  temperature. In contrast  
to  th a t ,  the nonpolar an iso trop ic  s i t e - s i t e  model works qu ite  well  
for  modeling o f  saturated l iq u id  naphthalene for  both the density  
and the po ten t ia l  energy. The e f f e c t  of  the s i t e - s i t e  quadrupolar 
p o t e n t i a l ,  used here, i s  small and appears mainly in the compari­
son o f  dens ity .  I t  i s  p o s s ib le  to  use instead a central poin t  
quadrupole, along with the nonpolar an iso trop ic  s i t e - s i t e  model, 
and our t e s t  simulat ions do show t h i s  to  have s i g n i f i c a n t  e f f e c t  on 
both the zero-pressure  d ens i ty  and poten t ia l  energy. However, i t s  
use in the modeling of  naphthalene would, at  most, be crude due to  
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Figure 5.2: Comparison of simulation, using the anisotropic
two-site po ten tia ls , and experiment for potential 
energy of saturated liquid naphthalene. Also shown 
is  the simulation data of Wojcik [49] for the two- 
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Figure 5.3: Comparison of sim ulation, using the anisotropic
tw o-site  p o te n tia ls , and experiment for density of 
saturated liq u id  naphthalene. Also shown Is the 
simulation data of Wojcik [49] for the tw o-site  
Lennard-Jones model (SPH DUMBELL).
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We have a lso  studied the e f f e c t  o f  using the an iso trop ic  
in tera c t io n  s i t e s  in t h i s  modeling o f  naphthalene. Wojcik e t  aj.  
[47] have developed a polynomial f i t t e d  to  the zero-pressure  den­
s i t y  and po ten t ia l  energy s imulat ion r e s u l t s ,  for  f lu id s  modeled 
using the t w o - s i t e  Lennard-Jones (12 :6 )  p o ten t ia l  as a function of  
temperature and molecular e longat ion ,  £* = &/gs s - From t h i s  poly­
nomial we obtain r e s u l t s  for  the zero e longation  which we compare 
with the experimental data for  saturated l iq u id  benzene [14] to
obtain the est imated a . Assuming t h i s  to be approximately a ,s s s s
in a two-center Lennard-Jones (12:6)  model for  l iq u id  naphthalene,  
we use an est imated £* = 0.47 in the polynomial o f  Wojcik e t  al .̂ 
[47]  to  obtain the in terpo la ted  zero-pressure  simulat ion r e s u l t s  
for  the i s o tr o p ic  t w o - s i t e  model. These r e s u l t s  are a lso  shown in 
f ig u res  5 .2  and 5 .3  (SPH DUMBELLS). A comparison o f  these  r e s u l t s  
with those  using the nonpolar an iso trop ic  t w o - s i t e  poten t ia l  c l e a r ­
ly  shows the impact o f  using the e l l i p s o i d s  o f  revolut ion  through 
the modified gaussian overlap p o ten t ia l  instead o f  simple spheres 
to  model the aromatic r ings.
The question o f  how well the present an iso trop ic  t w o - s i t e
models work in the modeling of  naphthalene in comparison to the 
more complicated p o t e n t ia l s  a r i s e s .  Prev ious ly ,  Gupta modeled 
saturated l iq u id  benzene using a hexagonal homonuclear s i x - s i t e
p o ten t ia l  with the s i t e s  located  0 .50  as& from the aromatic ring  
center  [14] ,  This model, along with the central po int  quadrupole,  
modeled l iq u id  benzene qu ite  w e l l .  With the help o f  t h i s  geometry,
O
and a gs = 3.375 A for benzene, we have developed an approximate
i s o tr o p ic  t e n - s i t e  homonuclear model for  naphthalene. In t h i s
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case ,  the centers  of  the two aromatic rings are 0.7236 ctss apart  
and in each aromatic r ing ,  the four outer in tera c t io n  s i t e s  are 
located  on a hexagon a t  a distance  0.50 a gs from the aromatic ring 
centers .  The remaining two in tera c t io n  s i t e s  are 0 .418 CTgs from 
both of  these  two aromatic ring centers .  Thus, the outer in terac ­
t io n  s i t e d  are located  on each of the CH bonds and model the CH 
groups as a whole whereas the inner two in ter a c t io n  s i t e s  are 
located  at  the p o s i t i o n s  of  the t r i p l e  bonded carbon atoms and 
represent only the carbon atoms.
Gupta has performed 256 molecule zero-pressure  NPT simulations  
using t h i s  i s o tr o p ic  t e n - s i t e  Lennard-Jones (12 :6 )  potent ia l  to  
model l iq u id  naphthalene a lso  [48] .  Simulations were performed for  
f i v e  s e l e c te d  T* values and, in each case ,  production runs of 8,000  
t im e-s tep s  were carr ied  out a f t e r  e q u i l ib r a t in g  for  1,500 time-  
s te p s .  The p o ten t ia l  was trucated a t  a s i t e - s i t e  c u t - o f f  of  ĉut = 
2 .8  CTgs and the r e s u l t s  corrected for  long-range in ter a c t io n s .  We 
r e f e r  the reader elsewhere [49,  50] for  more d e t a i l s  of  the NPT and 
NVT simulat ion methodology using the i s o tr o p ic  s i t e - s i t e  poten­
t i a l s .  These s imulat ion r e s u l t s  are l i s t e d  in tab le  5 .1  and the  
po ten t ia l  parameters £gs and a gs obtained by comparison with the  
experimental data are shown in tab le  5 .3 .  I t  i s  i n t e r e s t in g  th at
O
the f in a l  value of a gs i s  3.395 A which i s  c l o s e  to  the or ig ina l  
value used in the development o f  the t e n - s i t e  geometry for  naphtha­
lene.
Figures 5 .4  and 5 .5  show a comparison o f  the i s o tr o p ic  ten-  
s i t e  s imulat ion r e s u l t s  with experimental data for l iq u id  naphtha­
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Figure 5.4: Comparison of isotrop ic  te n -s ite  simulation resu lts
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Figure 5.5: Comparison of iso trop ic  te n -s ite  simulation resu lts
with density o f saturated liqu id  naphthalene.
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with experiment. The comparison between s imulat ion and experiment 
i s  e x c e l l e n t  for  dens i ty  a l so .  We note that  these  two comparisons 
are s im i lar  to  the comparison o f  simulat ion and experiment when the 
nonpolar an iso trop ic  t w o - s i t e  model i s  used except for a small 
d i f fe re n c e  in the s lope o f  the dens i ty  curves.  This c l e a r l y  shows
th at  the an iso trop ic  t w o - s i t e  poten t ia l  used here i s  comparable to
the i s o tr o p ic  t e n - s i t e  p o ten t ia l  in modeling l iq u id  naphthalene.  
The use o f  t e n - s i t e  model further shows the e f f e c t  o f  molecular  
shape in the modeling o f  f lu id s  containing rionspherical molecules.  
In doing so we note th a t  t e n - s i t e  model used here i s  r e l a t i v e l y  
simple and several improvements are p o s s ib le .
F ina l ly  we point  out that  in both the i s o t r o p ic  and an iso tro ­
p ic  s i t e - s i t e  models, the s i z e  parameter values obtained from the 
comparison of  simulat ion with experiment for  naphthalene are 
s l i g h t l y  larger  than t h e i r  e a r l i e r  values for  benzene. Here, we
o o o
have o = 3.395 A and a  = 6 .48  A compared to  a = 3.375 A andss o r ss
O
gq = 6 . 3 9  A for  l iq u id  benzene. S im i la r i ty  o f  increases  in both 
these  cases  ind ica te s  th at  perhaps £* needs to be increased  
s l i g h t l y  and t h i s  needs further  in v e s t ig a t io n .
5 .5 .  Microscopic Liquid Structure
The pair  d i s t r ib u t io n  fu nct ion ,  g C r ^ w - ^ ) , rema’ ns t 1̂e same 
in the center-frame and e x i s t i n g  cons iderat ions  [2 ,5 1 ]  apply.  The 
s i t u a t i o n ,  however, changes for  the l iq u id  structure  in the s i t e -  
frame. Due to the anisotropy o f  the in tera c t io n  s i t e s ,  we general­
iz e  the s i t e - s i t e  pair  c o r r e la t io n ,  and introduce the idea of  the
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a n iso trop ic  s i t e - s i t e  pa ir  d i s t r ib u t io n  function
fi2g ( r . . w . w . )  = —z  <N(N - 1) 6 ( r ' . . -  r .  . )  6{w'. -  w.)  6(u/. - w.)>
1J  I J  p ^ - y  * J  I J  I * J  J
(5 .2 4 )
where the angle brackets denote ensemble or time-average,  r . . i s
given by equation ( 5 . 1 0 ) ,  and fi i s  4n for  a x i a l l y  symmetric in t er -
2
act ion  s i t e s  and 8n: for  asymmetric s i t e s .  The above defined
a n iso trop ic  s i t e - s i t e  pa ir  d i s t r ib u t io n  funct ion reduces to  the  
angular cen ter-center  pair  d i s t r ib u t io n  function for the case of  
one in tera c t io n  s i t e  molecules and reduces to  the usual form [2 ,5 1 ,  
52] o f  the  i s o tr o p ic  s i t e - s i t e  pair  d i s t r ib u t io n  function for  the 
case of  the i s o tr o p ic  s i t e - s i t e  p o t e n t ia l .  We a l so  note th at  the  
above d e f i n i t i o n  of  an iso trop ic  s i t e - s i t e  pair  d i s t r ib u t io n  func­
t io n  s i t e s  i s  d i f f e r e n t  from the d e f i n i t i o n  o f  the angular s i t e -  
s i t e  pair  d i s t r ib u t io n  funct ion due to  Quirke and T i ld e s le y  [53] in 
f l u i d s  modeled by the i s o tr o p ic  t w o - s i t e  p o t e n t ia l s .
Relations for obtain ing thermodynamic propert ies  can a lso  be 
genera l ized  in terms o f  the a n iso trop ic  s i t e - s i t e  pair  d i s t r ib u t io n  
function.  The p o ten t ia l  energy, for  example, can be ca lcu la ted  as
n n oo „
U/N = 2 7i p I  I f  < g ( r . .uj.u) .) d)(r. .u>.u>.)> r .  .dr.  .
i = l  j = l  0  1 J ’ J 1 J ’ J
(5 .2 5 )
where angle  brackets denote o r ien ta t io n  averaging and n i s  the 
number of  in tera c t io n  s i t e s  per molecule. Extension o f  the v i r ia l  
equation involves  g e n e ra l i za t io n  of  the r e la t io n s h ip  d iscussed  by 
Quirke and T i ld e s le y  [5 2 ,5 3 ] .  The equation for  co m p ress ib i l i ty
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remains unaffected by t h i s  gen era l i za t ion .  Other considerat ions  
including the Fourier transformation [2 ]  are s im i lar .
The spherical harmonics expansion [54] can a l s o  be appl ied to  
the an iso trop ic  s i t e - s i t e  pa ir  d i s t r ib u t io n  funct ion in a manner 
s im i la r  to  S t r e e t t  and T i ld e s le y  [5 5 ,5 6 ] .  For the case of  a x i a l l y  
symmetric in ter a c t io n  s i t e s
aCri j 6i6^ i j ) = 4" V (^ j> Y*m<6i V V - m < ej V  <5' 26> 
with the spherical harmonic c o e f f i c i e n t s  given by
W l j >  = 4" W l j >  shell- (5-27>
Here Ŷ m are the spherical harmonic functions  in the notation of  
Rose [57] and 9000( r1-j)  i s  given by, analogous to  S t r e e t t  and 
T i ld e s l e y  [55] ,
gooo( r i p  = ^ 2  S f  g ( r ij*"!*"j)du»i d^j ( 5 - 28>
for  a x i a l l y  symmetric in t er a c t io n  s i t e s .  We po in t  out that  the  
main reason for  t h i s  expansion i s  to  study the o r ien ta t io n  of  mole­
cu le s  through the behavior o f  the expansion c o e f f i c i e n t s ,  ar|d
not the reconstruct ion  o f  g(r..u>.uj.) through equation (5 .2 6 )  which
i J i J
converges s lowly  [1 0 -1 3 ,5 5 ,5 6 ] .
Figure 5 .6 ( a )  and (b)  shows a comparison o f  the angle averaged 
cen te r -c e n te r  pair  d i s t r ib u t io n  function s imulat ion r e s u l t s  using  
the three a n iso trop ic  t w o - s i t e  pair  p o t e n t i a l s ,  f u l l  nonpolar,  
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Figure 5.6a: Comparison of the angle averaged center-center pair 
distribution  function from simulations using the 













0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
r/<r0
Figure 5.6b: Comparison of the angle averaged center-center pair
distribution function from simulations using the 
anisotropic two-site potentials at 600 K.
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atures  and d e n s i t i e s  o f  (a) 400 K and 0.9421 g /cc  and (b) 600 K and 
0.7458 g /cc .  Figure 5 .7 ( a )  and (b) shows a s im i lar  comparison for  
the angle averaged an iso trop ic  s i t e - s i t e  pair  d i s t r ib u t io n  func­
t i o n ,  gss ( r ) .’ Mooo
Figure 5 .6  c l e a r l y  shows a broad shoulder in the region o f  r =
0 .6 5 -0 .7 5  o a t  400 K and a smal ler ,  but n o t icea b le ,  shoulder in o
the same region at  600 K for  the f l u i d  modeled using the f u l l  
nonpolar p o t e n t ia l .  S im ilar ,  but l e s s  s i g n i f i c a n t ,  shoulders are 
a lso  found in the s i t e - s i t e  pair  d i s t r ib u t io n  funct ion ( f ig u r e  5 .7 )  
for  t h i s  f l u i d  a t  both th ese  temperatures.  This c l e a r ly  shows the  
e x i s t e n c e  of  p a r a l l e l  o r ien ta t io n s  a t  c lo s e  range in the f l u i d  
modeled using the f u l l  nonpolar pair  p o t e n t ia l .
The pair  d i s t r ib u t io n  funct ions  for  the nonpolar rep u ls ive -  
only p o ten t ia l  are q u a l i t a t i v e l y  s im i la r  to  those  for  the f u l l  
nonpolar pair  p o ten t ia l  with the d i f fe re n c e s  mainly being in the  
heights  of  the extrema. A shoulder in the range o f  r = 0.65 - 0.75  
ctq i s  again found in the c en ter -cen ter  pair  d i s t r ib u t io n  funct ion  
at  400 K. Behavior o f  the  s i t e - s i t e  function i s  a l so  s im ilar .  The 
s i t e - s i t e  pair  d i s t r ib u t io n  function for  the rep u ls ive -on ly  poten­
t i a l  d i f f e r s  from th a t  o f  the f u l l  pa ir  p o ten t ia l  in the region  
immediately past  the f i r s t  peak. In t h i s  region some o f  the de­
t a i l s ,  found in the pair  d i s t r ib u t io n  function o f  the f u l l  poten­
t i a l  model f l u i d ,  are miss ing in the pair  d i s t r ib u t io n  function of  
the rep u ls iv e -o n ly  p o t e n t ia l .  C learly ,  the e f f e c t  of  the a t t r a c ­
t i v e  forces  i s  to  make the f l u i d  more structured , e s p e c i a l l y  at  
c l o s e  range, and ’t h i s  d i f f e r e n c e  i s  most pronounced a t  400 K. 
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Figure 5.7a: Comparison of the angle averaged s i t e - s i t e  pair
distribution function from simulations using the 
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Figure 5.7b: Comparison of the angle averaged s i t e - s i t e  pair
distribution function from simulations using the 
anisotropic two-site potentials at 600 K.
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f l u i d s  l e s s  ordered as expected.
The pair  d i s t r ib u t io n  funct ions  are somewhat d i f f e r e n t  for the 
case of  the  quadrupolar f l u i d  and, as these  f igu res  show, the 
l iq u id  s tructure  i s  c l e a r l y  more pronounced. Here a barely  n o t ice ­
able  shoulder does e x i s t ,  around 0 .7  a in both the pa ir  d i s tr ib u -o
t io n  functions  a t  400 K, and t h i s  in d ica te s  a presence o f  or ien ta ­
t io n s  in which the molecules are p a r a l l e l  but s i t e s  are or iented  
perpendicular.  Location o f  the f i r s t  peak, in both forms of  the 
pair  d i s t r ib u t io n  fu nct ion ,  in d ica te s  a s i g n i f i c a n t  presence of  T 
o r ien ta t io n s  in the quadrupolar f l u i d .  Certa inly  the e f f e c t  o f  the 
d is t r ib u te d  quadrupole i s  more on the l iq u id  s tructure  than on 
thermodynamic propert ie s .
Figure 5 .8  shows the angle averaged c en ter -cen ter  and the 
i s o tr o p ic  s i t e - s i t e  pair  d i s t r ib u t io n  funct ions  from the zero-pres-  
sure NPT s imulat ions  of  naphthalene using the i s o t r o p ic  t e n - s i t e  
model [4 8 ] ,  described in sec t io n  5 . 4 ,  a t  a reduced temperature T* =
7 .0  (470 K). The s i m i l a r i t y  between the cen ter -cen ter  pa ir  d i s t r i ­
bution funct ion and th at  o f  the f u l l  nonpolar an iso trop ic  s i t e - s i t e  
p o t e n t i a l ,  shown in f igu re  5 . 6 ,  i s  s t r ik in g .  Not only the peak 
heights  are qu i te  c l o s e ,  the r - l o c a t io n s  o f  various i n t e r e s t in g
points  of  the two curves are a l s o  c lo s e  to  the r a t io  o f  a /a  .o s s
The s tructure  of  the f l u i d  modeled using the t e n - s i t e  p o t e n t i a l ,  
however, i s  more pronounced. Even then, t h i s  c l e a r l y  shows th at  
the two models are comparable in t h e i r  modeling o f  naphthalene 
including the microscopic l iq u id  s tructure .  We a l so  note th at  the  
s i t e - s i t e  pair  d i s t r ib u t io n  function obtained from the t e n - s i t e  
model i s  almost f l a t  in the region beyond r = 2 .0  CTs g . Such behav-
0.0 0.5
Figure 5.8:
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The center-center and the s i t e - s i t e  pair distribu­
tion functions for the isotropic ten -s ite  model 




ior  i s  c l e a r ly  due to  a large  number o f  in ter a c t io n  s i t e s  and i s  as 
expected. This a l so  means th a t  we can assume gs s (r )  = 1 .0  for  the  
range beyond r = 2 .0  a gs for  the development o f  p red ic t iv e  methods 
for  t h i s  f lu id  when using the i s o tr o p ic  s i t e - s i t e  p o t e n t ia l .
5 .6 .  Thermodynamic Perturbation Theory
We have performed a preliminary study o f  the f e a s i b i l i t y  of  
applying thermodynamic property p r e d ic t iv e  methods [1 ,  2] to  the 
f l u i d s  modeled using the nonpolar modified gaussian overlap s i t e -  
s i t e  pair  p o t e n t ia l .  For t h i s  purpose, we have performed NVT 
s imulat ions for  the f l u i d  modeled through a rep u ls ive -on ly  r e f e r ­
ence p o t e n t i a l ,  given by equations (5 .2 0 )  and (5 .2 1 ) .  These simu­
l a t i o n s ,  a t  T* = 3 .5 ,  have been performed to  "exactly" evaluate  the 
zeroth order term, Aq , and the f i r s t  order term, A^, in Zwanzig's 
perturbation expansion [2 ,  57,  59] for  the residual  Helmholtz free  
energy
A = Ao + Ai  + . . . .  (5 .29 )
where Aq i s  obtained by applying, again, the method o f  thermodynam­
i c  in tegra t ion  [28, 29].
P (Pn/pkT) - 1
A0 = J — 2----------------  dp. (5 .3 0 )
o p
Here PQ i s  the pressure of  the reference f lu id .
The f i r s t  order term in the above expansion has been obtained 
d i r e c t l y
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A1 = <(i>l  ( ri2u)l u)2^>1  1  NVT (5 .31 )





This i s  the an iso trop ic  gen era l i za t ion  of  the s i t e - s i t e  perturba­
t io n  p o ten t ia l  in the manner o f  Sung and Chandler [42] .  Results  
from these  reference  f l u i d  s imulat ions are shown in tab le  5 .4 .
Figures 5 .9  and 5 .10 show a comparison of  the residual Helm­
h o l tz  free  energy and pressure r e s u l t s  predic ted by the reference  
f l u i d  s imulat ions with those  obtained d i r e c t l y  from simulations  
using the f u l l  pair  p o t e n t i a l ,  equations ( 5 . 1 ) - ( 5 . 6 ) ,  and l i s t e d  in 
ta b le  5 .2 .  The d i f f e r e n c e s  are s i g n i f i c a n t  in the low dens ity  
region for the Helmholtz free  energy and in the medium dens ity  
region for  pressure.  These d i f fe re n c e s  disappear rapidly  as the  
d en s i ty  increases  and are not found in the high dens ity  region.  
This in d ica te s  th at  the a t t r a c t i v e  forces  have a s i g n i f i c a n t  e f f e c t  
on thermodynamic propert ies  in the low dens i ty  region and the need 
for  a second order term in the perturbation expansion (5 .2 9 )  i s  
in d ica ted ,  in t h i s  region ,  for  which approximations are a v a i lab le  
[59 ,  60] .  The f i r s t  order perturbat ion expansion works well in the 
high dens ity  region from p*>0.8 and t h i s  i s  expected.
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Table 5.4: Molecular dynamics simulation r e s u l t s  for  pressure ,  P ,
the res idual Helmholtz f ree  energy A , and the f i r s t  0 
order perturbation term A1 the reference potent ia l  
f l u i d ,  equations (5 .2 0 )  and ( 5 . 2 1 ) ,  a t  T* = 3.50.  Also 
shown are the predic ted pressure and the res idual Helm­
ho ltz  free  energy o f  the f l u i d  with the f u l l  modified 
gaussian overlap pair  p o t e n t ia l .
p* -a o
* A /MkT 0 A-j/NkT A/NkT P*
( k = 0 . 50, d  =0. 
w
58, £*=0.381)
0.20 1.06 0.438 -0 .520 -0 .082 0.63
0.40 3.30 1.04 -1 .2 1 -0 .1 7 1.16
0.60 7.62 1 .81 -2 .06 -0 .2 5 1.78
0.80 16.0 2.82 - 3 .0 6 - 0 .2 4 3.90
1.00 31.9 4 .21 -4 .1 9 0.02 11.4
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Figure 5.9: Comparison of the residual Helmholtz free energies
predicted by the reference potential f lu id  simula­
tion  with those obtained from simulation using the 
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Figure 5.10: Comparison of the pressures predicted by the refer­
ence potential f lu id  simulation with those obtained 
from simulation using the fu l l  pair potentia l,  
equations (5 .1 ) - ( 5 .6 ) .
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Development o f  perturbation theory, u and f  expansions [2 ,  61] 
and the nonspherical reference based perturbation theory [2 ,  62] ,  
and re la ted  methods such as the angular median poten t ia l  [63-65]  
and the sp h er ica l ized  po ten t ia l  method [28,  29] remains the same in 
the center  frame. Here we have t e s t e d  two o f  these  methods; (a)  
the nonspherical reference based perturbation theory [2 ,  62] and 
(b) the sp h er ica l ized  p o ten t ia l  method [28, 29].  The development 
of  th ese  two methods i s  described here.
Using the Weeks-Chandler-Andersen type s p l i t t i n g  of  the pair  
p o t e n t i a l ,  according to  Mo and Gubbins [4 3 ] ,  in to  rep u ls ive -on ly  
reference and a t t r a c t i v e - o n l y  perturbation parts between molecules  
1 and 2
(*>( r12lul u,2  ̂ = C*5o^r12U,l u,2  ̂ + M>i ( ri2U)l U)2  ̂ (5 .34 )
with
V r12u‘l m2 ) = *< W 2> - «,min<u‘l u,2 ) r12 < rmfn
= 0  r12 > rm1n (5 .3 5 )
and
r12 < rmin't,l ( r 12uY"2) =
= 4’(r 12“ l u’2) r12 > rmin' (5 ' 36)
Here A. i s  the perturbation parameter [2 ,  59] .  The Percus-Yevick
-p4>
equation i s  numerically solved for  <e 0 > to  obtain the back-
“ l*“2
ground co rr e la t io n  funct ion ,  y ( ri 2 ^-
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In t h i s  case ,  the f i r s t  order term, A^, in the perturbation  
expansion (5 .2 9 )  i s  obtained from
Ax = 27tNp J  y ( r 1 2 )
"P*n( r12“ l “ 2 ) 2
V l 2  ( 5 ' 37)
and Aq i s  given by the residual Helmholtz f ree  energy of  a f l u i d  of  
a hard e l l i p s o - c y l i n d e r  having the same shape as the molecule being 
modeled and the s i z e  given by the numerical s o lu t io n  of
J y (r12) <e e = °- ( 5 ' 38)
Here 4>̂ c i s  the pa ir  p o ten t ia l  of  the hard e l l i p s o - c y l i n d e r .  For 
t h i s  purpose we have u t i l i z e d  the hard convex body equation of  
s t a t e  o f  Boublik and Nezbeda [66] .  The needed hard convex body 
volume, surface area, and the mean curvature were obtained using  
the method o f  Kihara [67] .  These two terms su b s t i tu ted  in equation
(5 .2 9 )  lead to  the predicted  res idual Helmholtz f ree  energy. We 
re fer  to  t h i s  method as PERT1.
A s im i lar  development can be carr ied out when the pair  poten­
t i a l  i s  s p l i t t e d  according to Sung and Chandler [4 2 ] ,  equations
( 5 . 2 0 ) ,  ( 5 . 2 1 ) ,  ( 5 . 3 2 ) ,  and (5 .3 3 ) .  Equations (5 .3 7 )  and (5 .3 8 )  
remain the same in t h i s  case  a l so .  We have t e s t e d  t h i s  method 
a l s o ,  which i s  referred to  as PERT2.
The development o f  the sp h er ica l ized  p o ten t ia l  method i s  
carried out along s im i la r  l in e s .  However, a Barker-Henderson type 
s p l i t  i s  used in equations  (5 .3 5 )  and (5 .3 6 )  instead o f  the Weeks-
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Chandler-Andersen s p l i t .  The a t t r a c t iv e  and the repuls ive  poten­
t i a l s  are then separate ly  sp h er ica l ized  and recombined according to
6 -  <e \ w 2 • <e ( 5 /3 8 )
A simple perturbat ion theory i s  then applied to  the sp h er ica l ized  
p o t e n t i a l ,  $ ,  to  obtain the residual Helmholtz f r ee  energy of  the 
sp h er ica l ized  system. We re fer  to  t h i s  method as SPM1. A s im ilar  
development has a lso  been carr ied  out using the Barker-Henderson 
s p l i t  with the Sung and Chandler scheme [4 2 ] ,  equations ( 5 . 2 0 ) ,
( 5 . 2 1 ) ,  ( 5 . 3 2 ) ,  and ( 5 . 3 3 ) ,  for  the sph er ica l ized  poten t ia l  method. 
This method has a l so  been t e s t e d  and i s  referred to as SPM2.
Predict ions  of  the residual Helmholtz free  energy, from these  
four methods, are l i s t e d  in ta b le  5 .5  for the nonpolar modified 
gaussian overlap t w o - s i t e  p o ten t ia l  and are compared with the fu l l  
p o ten t ia l  s imulat ion r e s u l t s  in f igure  5.11.  All four methods 
s i g n i f i c a n t l y  overpredic t  A/NkT. Clearly SPM1 i s  in c o r re c t ,  q u a l i ­
t a t i v e l y  as well as q u a n t i t a t iv e ly ,  s ince  i t  f a i l s  to  produce a 
minimum in A/NkT in the low dens i ty  region. Predict ions  from SPM2 
are b e t t er  than t h i s  method and comparable to  PERT1 and PERT2. 
Amongst these  three  methods PERT1 i s  the best .  Figure 5.12 shows a 
s im i la r  comparison for  pressure.  Here SPM2 i s  worse than SPM1. 
PERT1 i s ,  again , b e t t er  than PERT2 and c lo se  to  the simulation  
r e s u l t s .  Clearly these  methods work much b e t ter  for  pressure than 
for  the residual  Helmholtz free  energy.
We have in v es t ig a ted  the PERT2 method more by comparing Aq and 
Â  predic ted by t h i s  method and those predic ted ,  using equations
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Table 5.5: Predic tion o f  the residual  Helmholtz f ree  energy, A/NkT,
of  a f l u i d  modeled using the f u l l  nonpolar an iso trop ic  
t w o - s i t e  pa ir  p o t e n t i a l ,  equations ( 5 „ l ) - 5 . ( 6 ) ,  a t  
T* = 3 .5  ( k  = 0 .50 ,  dw = 0 .58 ,  #.* = 0 .381) .
p* SPM1 SPM2 PERT1 PERT2
0.10 0.008 -0 .014 -0 .007 -0 .004
0.20 0.021 -0 .024 -0 .022 -0 .015
0.30 0.044 -0 .028 -0 .039 -0 .030
0 .40 0.082 -0 .019 -0 .0 5 4 -0 .041
0.50 0.141 0.005 -0 .0 5 8 -0 .041
0.60 0.228 0.051 -0 .040 -0 .019
0.70 0.352 0.126 0.012 0.040
0.80 0.519 0.235 0.112 0.151
0.90 0.723 0.387 0.280 0.334
1.00 1.03 0.590 0.532 0.611
1.10 1.40 0.853 0.899 1.01
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Figure 5.11: Comparison of the predicted residual Helmholtz free
energy ( l in e s )  with simulation (poin ts) using the
fu ll  nonpolar p o te n tia l, equations (5 .1 ) - (5 .6 ) .
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Figure 5.12: Comparison of the pressure ( l in e s )  with simulation
(points) using the fu l l  nonpolar potentia l, equa­







(5 .3 0 )  and ( 5 . 3 1 ) ,  by the reference  f l u i d  s imulat ions .  This com­
parison i s  shown in ta b le  5 .6 .  Here PERT2 overpredicts  Aq and 
underpredicts A .̂ These two errors ,  which are o f  the same s ign ,  
combine to  make the error  even larger  in A/NkT. The overprediction  
o f  Aq i s  about h a l f  the underprediction of  A .̂ In the case of  one 
s i t e - p o t e n t i a l  [29] Aq was a l so  s l i g h t l y  underpredicted and t h i s  
led to a c a n c e l la t io n  o f  errors .  The error in Aq pred ic t ion  can be 
at tr ib u ted  e i t h e r  to  the use o f  Boublik-Nezbeda equation or to our 
assumptions.  The error in Â  can be a t tr ib u ted  to  a predict ion  of  
l e s s  pronounced s tructure  in our computations. We a lso  note that  
s im i lar  errors probably e x i s t  in PERT1 and removal o f  e i th e r  of  
these  would make t h i s  method very c lo se  to  being r e l i a b l e .
These p r e d ic t iv e  methods can a l so  be developed in the s i t e  
frame for  the a n iso trop ic  s i t e - s i t e  p o t e n t ia l s .  While t e s t i n g  i s  
not performed here,  a short  d iscuss ion  of  these  methods i s  in order 
for  completeness.  The nonspherical reference  based perturbation  
theory can be e a s i l y  extended to  s i t e  frame a l so .  We can use the  
Mo and Gubbins [43] separat ion of  the s i t e - s i t e  in ter a c t io n s  into  
the reference  and perturbation p ar ts ,  according to  equations (5 .21 )  
and (5 .3 3 ) .  The f i r s t  order term, A^, then becomes
0 -B<b ( r . .tu.u).)  _
f v ( r .  . )  < 4 , ( r . .ui.iu.)e 0 1 J > r .  . c
i Wj
(5 .4 0 )
A, = 2nNp n J y <J>t >.t . w ■' »■' »> “dr. . 
!  K J i j  l  i j i j  u).u>. i j  i j
and the zeroth order term i s  given by a dumbell o f  h ard -e l1ipsoids  
s a t i s f y i n g
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Table 5.6: Comparison o f  the zeroth order term, A/NkT, and the
f i r s t  order term, A^/NkT, in equation ° 5 . 2 9 ) ,  from the 
reference f l u i d  simulat ions (MD Ref) and the nonspheri­
cal reference perturbat ion theory (PERT2) a t  T* = 3 .5
(k = 0 .5 0 ,  d = 0 .5 8 ,  SL* = 0 .381) .  w
PERT2 MD Ref
p* A /NkT 0 A-j/NkT A /NkT 0 A^/NkT
0.20 0.486 -0 .501 0.438 -0 .520
0.40 1.108 -1 .150 1.04 -1 .2 1
0.60 1.916 -1 .935 1 .81 -2 .0 6
0.80 2.983 -2 .832 2.82 -3 .0 6
1.00 4.424 -3 .813 4 .21 -4 .1 9
1.20 6.429 -4 .849 6 .14 -5 .3 8
where i s  for  the hard e l l i p s o i d .
Development of  the sp h er ica l ized  poten t ia l  method i s  s im i lar  
and t h i s  would lead to a f l u i d  o f  dumbells modeled through i s o t r o ­
p ic  s i t e - s i t e  p o t e n t ia l s .  The u and f  expansions [2 ]  can a lso  be 
s im i la r ly  extended. In t h i s  case ,  the reference  systems would a l so  
be dumbells of  spheres.  Clearly  the methods developed through the  
s i t e  frame require the knowledge o f  thermodynamics and s truc ture ,  
in form of  the s i t e - s i t e  pair  d i s t r ib u t io n  funct ion ,  of  the i s o t r o ­
pic  s i t e - s i t e  model f l u i d s .  Theory has been developed for these  
a lso  [2 ,  51].  In the case o f  the u expansion, a t r i p l e t  d i s t r ib u ­
t io n  function w i l l  be needed in the s i t e  frame. Here, an extension  
of the Kirkwood Superposition Approximation can be used as a f i r s t  
approximation.
5 .7 .  Summary
We have studied the computer modeling, through molecular 
dynamics s im ulat ions ,  o f  naphthalene using an an iso trop ic  tw o -s i te  
p air  p o t e n t ia l .  The in t er a c t io n  s i t e s  (each representing an aroma­
t i c  r ing)  have been modeled using a s im p l i f i e d  vers ion of the 
modified gaussian overlap p o ten t ia l  of  Gay and Berne [9 ]  with the 
same shape ( k and dw) and a very s im i la r  s i z e  ( a Q)  as in our ear­
l i e r  s imulat ion study of l iq u id  benzene.
Comparison o f s im ulation  using th is  p o te n tia l w ith  experiment-
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al data for l iq u id  naphthalene c l e a r l y  shows the importance of  
molecular shape in modeling t h i s  f l u i d .  This i s  further demon­
s tr a ted  by a comparison with e x i s t i n g  r e s u l t s  [47]  for a tw o -s i t e  
Lennard-Jones f lu id .  We have a l so  shown t h i s  model to  be compar­
a b le ,  in thermodynamics as well as in l iq u id  s tructure ,  to an 
i s o tr o p ic  t e n - s i t e  po ten t ia l  for  naphthalene. Addition of  point  
quadrupoles to  the an iso trop ic  in tera c t io n  s i t e s  further  improves 
the comparison between s imulat ion and experiment, for  the l iqu id  
d ens i ty .  However, the e f f e c t  of  e l e c t r o s t a t i c  forces  on thermody­
namic propert ies  i s  much l e s s  here than i t  was shown in the case of  
l iq u id  benzene. This i s  perhaps due to the larger  s i z e  o f  the 
naphthalene molecule.
The an iso trop ic  s i t e - s i t e  po ten t ia l  u n i f i e s  the  id ea s ,  of  the 
s i t e - s i t e  and the e x p l i c i t  or ientation-dependent p o t e n t i a l s ,  and 
opens up the p o s s i b i l i t y  for  simulat ion as well  as th eo r e t ic a l  
s tu d ies  of  complex molecular f l u i d s ,  without having to resor t  to  
very large s ca le  computations or complex algorithms. Not only can 
aromatic hydrocarbon l iq u id s  be modeled but other  systems [6 ]  as 
well  and t h i s  app l ie s  to  r ig id  as well as f l e x i b l e  molecules.  We 
have l im ited  our study to  the use of  the modified gaussian overlap  
model for  the a n iso trop ic  in tera c t io n  s i t e s .  Other e x p l i c i t  o r ien­
tat ion-dependent models [2 ,  6] can be used for  in ter a c t io n  s i t e s  as 
w e l l .  These models are su i ta b le  for  t h e o r e t i c a l  c a lc u la t io n s  
including group contr ibut ion  methods [68] .
The nonpolar a n iso trop ic  s i t e - s i t e  pair  p o ten t ia l  s tudied here 
has a l so  been shown to be s u i t a b le ,  for  perturbation theory ca lcu­
la t i o n s ,  through reference f l u i d  s imulat ions .  Preliminary t e s t i n g
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has been performed, for  two o f  the  property p r e d ic t iv e  methods, in 
center  frame and q u a l i t a t i v e  agreement with s imulat ion i s  shown. 
Further t e s t i n g  i s  needed for  methods for  pred ic t in g  Aq and A .̂
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Chapter 6 
Sol id-Liquid  E qui l ibr ia  o f  Binary 
Aromatic Hydrocarbon Mixtures
6 .1 .  Introduction
The study o f  s o l i d - l i q u i d  equil ibrium i s  an important tool in 
analyzing some chemical engineering p rocesses ,  such as c r y s t a l l i z a ­
t i o n ,  e x tr a c t io n ,  e tc .  , which can be used for  chemicals such as 
aromatic hydrocarbons, which have r e l a t i v e l y  high melting points .  
Aromatic hydrocarbons are important components o f  heavier feed­
stocks  [1]  and coal l iq u id s  [2 ,  3] which are gaining importance in 
the petrochemical industry.  In t h i s  study, we examined the s o l id -  
l iq u id  e q u i l ib r ia  o f  three  binary systems o f  aromatic hydrocarbons 
( f luorene-dibenzofuran, dibenzothiophene-dibenzofuran,  f lu oren e-d i -  
benzoth iophene), v ia  ca lo r im etr ic  s tu d ie s .
The bas ic  thermodynamic theory o f  phase e q u i l i b r i a  can be 
d i r e c t l y  applied to  s o l i d - l i q u i d  e q u i l ib r ia .  The theory says th a t ,  
a t  equil ibrium, the fu g a c i ty  o f  each component in one phase should 
be the same as i t s  value in the other  phases.  A p o s s ib le  way of  
connecting the component fu gac i ty  to  observable  q u a n t i t i e s  i s  to  
use the a c t i v i t y  c o e f f i c i e n t  approach. In s o l i d - l i q u i d  e q u i l ib r ia ,  
the ra t io  o f  the f u g a c i t i e s  o f  the pure s o l i d  and l iq u id  at  the  
reference  s t a t e  c o n d i t io n s ,  which i s  needed in the a c t i v i t y  c o e f ­
f i c i e n t  approach, can be c a lcu la te d  from the physical propert ies  
(heat  o f  fu s io n ,  s o l i d  and l iq u id  heat cap ac i ty ,  melting po in t)  of
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the pure component [4 ] .
The s im plest  case o f  s o l i d - l i q u i d  e q u i l ib r ia  i s  when the s o l id  
does not form a s o l i d  so lu t io n  (s imple e u t e c t i c  diagram). In t h i s  
ca se ,  the mole f r a c t io n  o f  the component in the s o l i d  phase i s  
un ity ,  and so i s  i t s  a c t i v i t y  c o e f f i c i e n t .  In order to  pred ic t  the  
s o l i d - l i q u i d  e q u i l ib r ia  for  t h i s  system, the quantity needed i s  the  
l iq u id  phase a c t i v i t y  c o e f f i c i e n t ,  provided, that  the physical  
propert ies  o f  the pure components are a v a i la b le  [ 5 ,  6,  7] .
In the case where s o l i d  so lu t io n  occurs a t  any composition,  
the sol  i d - l i q u i d  phase diagram can be predic ted i f  the equations o f  
the a c t i v i t y  c o e f f i c i e n t s  in the s o l i d  and l iq u id  phases are a v a i l ­
a b le ,  provided a l s o ,  th a t  the physical  propert ies  of the  pure 
components are a v a i la b le  [4 ] .
In the more complex s i t u a t i o n ,  in which the s o l i d  may c o n s i s t  
of  more than one phase,  pred ic t ion s  become very d i f f i c u l t .  Not 
only does the a c t i v i t y  c o e f f i c i e n t  in each phase need to  be known, 
but which phases w i l l  occur a t  a c er ta in  composition should a l s o  be 
determined.
For a given system, we do not know what kind of  s i t u a t io n  w i l l  
happen. As an approximation, we can assume th a t  i f  the s i z e s  and 
shapes o f  the molecules are quite  d i f f e r e n t ,  they w i l l  form a 
simple e u t e c t i c  system. But in most c a se s ,  t h i s  i s  a poor approxi­
mation [4 ] .
In t h i s  study, we examined 3 binary systems of  aromatic hydro­
carbons to  contr ibute  data on the sol  i d - l i q u i d  e q u i l ib r ia  o f  aro­
matic hydrocarbons. We b e l i e v e  th a t  the a v a i l a b i l i t y  of  data not 
only b e n e f i t s  ind ustr ia l  purposes, but a l so  supports the deve l­
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opment of  sol  i d - l i q u i d  equi librium th e o r ie s ,  e s p e c i a l l y  for aroma­
t i c  hydrocarbons.
6 .2 .  Experiment
The chemicals used were purchased from Aldrich Chemicals. The 
dibenzofuran and dibenzothiophene were d is so lved  in to luene  and 
then recovered by r e c r y s t a l l i z a t i o n  in a rotary evaporator. The 
p u r i t i e s  obtained were 99.55% for  dibenzofuran and 99.45% for  
dibenzothiophene. Those p u r i t i e s  were determined by gas chromato­
graphy. The fluorene was used d i r e c t l y ,  without p u r i f i c a t io n ,  
s in ce  the purity  obtained by the same a n a lys is  was 99.6%. The 
s tructures  o f  those  molecules are shown in f igu re  6 .1 .
The phase diagrams were obtained using a C-80 Setaram Calori­
meter,  which i s  based on heat conduction, or the Tian-Calvet prin­
c i p l e ,  and operates on the power compensated method [8 ] .  Calori­
metry has long been used in determination o f  phase diagrams [8 ,  9].  
New calorimeter  design and b e t t er  instrumentation now a v a i la b le  has 
improved the accuracy and made the operation e a s ie r  and fa s te r .  
The calorimeter  used c o n s i s t s  o f  two id en t ica l  and independent heat  
flow d e te c to rs ,  which are surrouncded by a heat conducting block.  
The temperature of  the block i s  con tro l led  p r e c i s e ly  by a tempera­
ture  programmer/controller. The heat flow detec tors  t r a n s fe r  heat 
to  the two id en t ica l  tubes.  The sample i s  placed in one o f  the 
tubes ,  while the other  tube i s  kept empty. The heat flow detec tors  
are made of  high thermal condu ct iv i ty  m ater ia l s ,  so that  the tem­
peratures of the block and the tube were almost id e n t i c a l .  The
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Figure 6.1: Molecular structures o f dibenzofuran (a ) , dibenzothio-
phene (b) and fluorene (c ) .
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d etec tors  are d i f f e r e n t i a l l y  connected, so that  the thermal pertur­
bations  to  the block are e l iminated ,  and only the s ignal due to 
heat exchange with the sample i s  generated.
In order to  construct  the phase diagrams, a sample o f  a s o l id  
mixture o f  known composition, which has been melted and quickly  
s o l i d i f i e d ,  was heated a t  a constant  rate  (around 0.02 K/min). 
During the process ,  the heat f lu x  to  the sample was monitored. 
Because o f  the heat e f f e c t  during the phase t r a n s i t i o n ,  we could 
determine the i n i t i a l  and f in a l  temperatures a t  which the phase 
t r a n s i t i o n  occurred ( s o l id u s  and l iq u id u s ) .  The phase diagram can 
be constructed by doing many experiments using samples with various  
compositions.
The temperatures recorded during the experiment were the  
temperatures s e t  by the programmer/controller (programmed tempera­
tu re ) .  Although the temperature o f  the sample was very c lo se  to  
the programmed temperature,  the d i f fe re n c e  between them was c a l i ­
brated. A thermometer was put in the sample tube f i l l e d  with a 
small amount o f  e thylene g l y c o l ,  and the temperature o f  the c a l o r i ­
meter was increased a t  a constant  rate  (0 .02  K/min), the  rate  used 
to  determine the phase diagrams. During that  process ,  the tempera­
ture  d i f fe re n c e s  between the programmed temperatures and the tem­
peratures observed by the thermometer were monitored. I t  turns out 
th at  with in  the range o f  the experimental temperatures,  the temper­
atures  o f  the sample were approximately 0 .9  K below the programmed 
temperatures.  The temperatures o f  the phase diagrams were then 
corrected by th at  number. We b e l i e v e  th a t  the errors of  the  exper­
iments (T^, Tg) are within  ±0.3 K.
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The curves o f  the heat f lux  versus the temperature not only 
g ive  the i n i t i a l  and f in a l  temperatures o f  the phase t r a n s i t i o n ,  
but a l so  show the type o f  the phase t r a n s i t i o n  encountered.
Figure 6 .2  shows th a t  for  th at  phase t r a n s i t i o n ,  the i n i t i a l  
temperature i s  ^  and the f in a l  temperature i s  T^.  I t  a l so  implies  
th a t  a t  th a t  composition, the s o l i d  forms a so lu t io n  and so does 
the l iq u id .  This conclus ion  comes from the f a c t  th a t  we have 
gradual changes in the s ig n a l .
Figure 6 .3  implies  th at  a t  th at  bulk composition, there are 2 
phases with d i f f e r e n t  compositions (say a and p) in the s o l i d  and 
there i s  a s in g le  phase in the l iq u id .  At T^, one o f  the s o l id  
phases complete ly melted (say a ) ,  and at  th a t  temperature, there  i s  
an equilibrium between the s o l i d  p and the l iq u id .  Since a t  T  ̂ a l l  
o f  the s o l i d  a melted i n s t a n t l y ,  there  i s  a peak in the heat f lux  
s ig n a l .  Above T^, we have heat f lu x  s ig n a l s  corresponding to  the 
gradual melting of  s o l i d  p. When a l l  o f  the s o l i d  p has melted 
(T2 ) ,  we have lower s i g n a l s ,  s ince  these  showed the s e n s ib le  heat 
o f  the l iq u id  only.
Based on these  id ea s ,  by examining the heat f lu x  s ig n a l s  from 
many samples with d i f f e r e n t  composit ions,  we can construct  the  
phase diagrams o f  the three  binary systems s tudied.
6.3 . Results and Discussion
Table 6 .1  shows the s o l i d - l i q u i d  equi libr ium data obtained for  
the binary system of  f luorene-d ibenzofuran.  The ca lor im etr ic  











Figure 6.2: Schematic diagram of the heat flu x  versus temperature of









Figure 6.3: Schematic diagram of the heat flux  versus temperature of
a system that forms two so lid  phases.
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Table 6.1: S o l i d - l iq u id  equilibrium data for the fluorene-dibenzo
furan system. Shown are the dibenzofuran mole frac  
t i o n s  and the i n i t i a l  and f in a l  temperatures o f  the  
phase t r a n s i t i o n s .
Dibenzofuran I n i t i a l  Final Type
mole fra c t io n  temperature/K temperature/K
0.000 387.9 387.9
0.104 380.8 384.5 sol id so lu t io n
0.162 376.8 381.8 sol id so lu t ion
0.272 371.3 378.8 sol id so lu t io n
0.345 366.9 375.1 sol id so lu t ion
0.481 360.8 368.3 sol id so lu t ion
0.602 359.3 363.3 sol id so lu t ion
0.687 357.5 359.8 sol id so lu t ion
0.738 357.3 358.3 s o l id so lu t ion
0.812 356.5 357.3 sol id so lut ion
0.881 355.6 356.3 sol id so lu t ion
0.912 355.3 355.9 sol id so lu t ion
1.000 355.3 355.3
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composition. These data were then p lo t ted  in f igure  6 .4 .  Since we 
have a simple system, we did some modeling on t h i s  binary system. 
The l in e s  on f igure  6 .4  were obtained by assuming the l iq u id  to be 
i d e a l ,  and by modeling the s o l i d  using Guggenheim's quasi-chemical  
theory [ 4 ] ,  with a temperature dependent interchange energy para­
meter (w/k).  In t h i s  modeling, the heats o f  fusion o f  the fluorene  
and dibenzofuran were 19 .2  kJ/mol and 18.6 kJ/mol r e s p e c t iv e ly ,  and 
the d i f feren ces  in the l iq u id  and s o l i d  heat c a p a c i t i e s  of  f luorene  
and dibenzofuran were 1 .98  J/mol. K and 9 .6  J/mol. K r e sp e c t iv e ly .  
Those values were a lso  obtained by the C-80 Setaram Calorimeter.
The fa c t  that  the fluorene-dibenzofuran system forms s o l id  
s o lu t io n s  at  any composition i s  not so surpr is in g ,  s ince  those two 
molecules have s im i lar  molecular s i z e s  and shapes ( f ig u r e  6 . 1 ) ,  and 
t h e i r  pure c r y s t a l s  have the same s tr u c tu r es ,  orthorhombic [10 ,
11].
Table 6 .2  and f ig u re  6 .5  show the s o l i d - l i q u i d  equilibrium  
data for  the dibenzothiophene-dibenzofuran system. From f igure
6 . 5 ,  i t  can be seen th a t  for  the s o l i d ,  there are two p o s s ib le
phases.  For s o l i d  mixtures with dibenzofuran mole fra c t io n s  l e s s
than about 0 .0 8 ,  there i s  one s o l i d  phase (say  a ) ,  and for  s o l i d  
mixtures with dibenzofuran mole fr a c t io n s  greater  than about 0 .13 ,  
there i s  another s o l i d  phase (say 0) .  In the reg ion,  with dibenzo­
furan mole f ra c t io n s  between 0 .08  and 0 .1 3 ,  there i s  an immiscib il -  
i t y  gap in the s o l i d .  In t h i s  region,  the s o l i d  c o n s i s t s  o f  s o l i d  
a and s o l i d  p which are mixed. That means th at  a t  those mole 
f r a c t i o n s ,  the Gibbs fr e e  energy of  mixing of  s o l i d  a and that of 
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Figure 6.4: S o lid -liq u id  phase diagram of the fluorene-dibenzofuran
system. The lin es  are predicted by assuming an ideal
liq u id  and a Guggenheim's so lid  with temperature depen­
dent interchange energy parameter (w/k) in the form of 
w/k = 1896 -  4.73 T.
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Table 6.2: S o l i d - l i q u i d  equil ibrium data for  the dibenzothiophene-
dibenzofuran system. Shown are the dibenzofuran mole 
f r a c t io n ,  and t h e i r  i n i t i a l  and f in a l  temperatures of  
the phase t r a n s i t i o n s .
Dibenzofuran I n i t i a l  Final Type
mole frac t ion  temperature/K temperature/K
0.000 371.9 371.9
0.040 368.9 370.5 s o l i d  so lu t ion
0.049 368.3 370.0 s o l i d  so lu t ion
0.077 362.0 367.8 two s o l i d  phases
0.114 362.1 366.4 two s o l i d  phases
0.135 362.1 365.9 two s o l i d  phases
0.177 360.3 362.9 s o l i d  so lu t ion
0.249 358.1 360.7 s o l i d  so lu t ion
0.329 356.5 358.7 s o l i d  so lu t ion
0.400 355.7 357.2 s o l i d  so lu t ion
0.501 354.6 355.6 s o l i d  so lu t ion
0.566 354. 2 354.8 s o l i d  so lu t ion
0.648 353.7 354.4 s o l i d  so lu t ion
0.781 353.6 354.2 s o l i d  so lu t ion
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Figure 6.5: Solid-liquid phase diagram of the dibenzothiophene-diben
zofuran system.
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mixture of s o l i d  a with dibenzofuran mole fra c t io n  0.08 and s o l id  p 
with dibenzofuran mole fr a c t io n  0 .1 3 ,  th at  i s  having the same bulk 
dibenzofuran mole fra c t io n .
This s i t u a t io n  can be i l l u s t r a t e d  in a c learer  way by f igure
6 .6 .  This f igu re  shows the expected s o l i d  Gibbs free  energ ies  of  
mixing of  s o l i d  a and s o l i d  p as functions of  the mole fra c t io n s .  
Suppose that  there i s  a mixture o f  dibenzothiophene and dibenzofu­
ran with dibenzofuran mole fr a c t io n  X . I f  the mixture forms s o l id
P
a ,  the Gibbs free  energy o f  mixing would be QN, and i f  the mixture 
forms s o l i d  p ,  the Gibbs free  energy o f  mixing would be QM. But, 
i f  i t  forms a mixture o f  s o l i d  a with dibenzofuran mole frac t ion
0 .0 8  and s o l i d  p with dibenzofuran mole fra c t io n  0 .1 3 ,  the Gibbs 
f ree  energy of  mixing would be QP, which i s  smal ler  than QM and QN, 
and in f a c t  i s  the minimum Gibbs free  energy o f  mixing, so that  
t h i s  i s  what r e a l l y  happens. The proof of  t h i s  can be found for  
example in Gordon [12] .  The r a t io  of  the amounts of  s o l i d  a and 
s o l i d  p can be represented by the r a t io  o f  the lengths o f  PB/PA.
As we can see in f igu re  6 .5 ,  even though dibenzothiophene and 
dibenzofuran have s im i la r  molecular s i z e s  and shapes, t h e i r  mix­
tu res  have a small immiscibi 1 i t y  gap. This was caused by the 
d i f fe re n c e  in t h e i r  pure cry s ta l  s truc tures ;  pure dibenzofuran 
forms an orthorhombic crys ta l  s truc ture ,  while  pure dibenzothio­
phene forms a monoclinic crys ta l  s tructure  [11] ,  I t  can be con­
cluded that  s o l i d  a has a s im i lar  crys ta l  s tructure  with that  of  
pure dibenzothiophene, while  s o l i d  p has a s im i la r  crys ta l  s truc­























Figure 6.6: Schematic diagram of the Gibbs free energies of mixing of
so lid  a and so lid  $ versus temperature.
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The data obtained for  the l a s t  binary system, f luorene-d iben-  
zothiophene, are shown in tab le  6 .3  and f igure  6 .7 .  Since pure 
f luorene  and dibenzothiophene have d i f f e r e n t  crys ta l  s tru c tu res ,  i t  
can be predicted th at  fluorene-dibenzothiophene system would have a 
s o l i d  im m isc i l i ty  gap. This i s  what we see in ta b le  6 .3  and f igure
6 .7 .  The im m isc ib i l i ty  gap l i e s  between the dibenzothiophene mole 
f r a c t io n  0.82 and 0.96.  The same explanation as that  in dibenzo-  
thiophene-dibenzofuran system can be applied here. We can a lso  
conclude that  the s o l i d  phase formed a t  dibenzothiophene mole 
f r a c t io n s  below 0 .82  has a s im i lar  crys ta l  s tructure  with th at  o f  
the pure f luorene ,  while  the s o l i d  phase formed a t  dibenzothiophene  
mole fr a c t io n s  above 0 .96  has a s im i lar  crys ta l  s tructure  with that  
o f  dibenzothiophene.
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Table 6.3: S o l i d - l i q u i d  equi libr ium data for  the f luorene-d ibenzo-
thiophene system. Shown are the dibenzothiophene mole 
f r a c t i o n s ,  and t h e i r  i n i t i a l  and f in a l  temperatures of  
the phase t r a n s i t i o n s .
Dibenzothiophene I n i t i a l  Final Type
mole f r a c t io n  temperature/K temperature/K
0.000 387.9 387.9
0.097 384.1 385.5 sol id so lu t io n
0.171 381.3 383.9 sol id s o lu t io n
0.298 377.7 379.5 sol id so lu t io n
0.387 376.3 378.5 sol id so lu t io n
0.535 372.9 374.7 sol id s o lu t io n
0.614 371.7 373.4 s o l i d s o lu t io n
0.722 370.6 372.9 sol id s o lu t io n
0.759 371.1 371.9 sol id so lu t io n
0.811 370.9 371.6 s o l i d s o lu t io n
0.830 370.0 370.7 two s o l i d  phases
0.870 369.5 370.2 two s o l i d  phases
0.907 369.3 370.1 two s o l i d  phases
0.955 369.3 370.5 two s o l i d  phases
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Figure 6.7: Solid-liquid phase diagram of the fluorene-dibenzothio-
phene system.
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Chapter 7 
Heats of  Fusion and Heat Capacit ies  
of  Aromatic Hydrocarbons
7 .1 .  Experiment
In the measurements o f  heats o f  fus ion  and heat c a p a c i t i e s  of  
aromatic hydrocarbons, we again used the C-80 Setaram Calorimeter,  
the p r in c ip le s  o f  which have been discussed  in chapter 6.
The chemicals used were purchased from Aldrich Chemicals, 
except for  thioxanthene and acr id ine .  The anthracene i s  t h e i r  Gold 
Label q u a l i ty  (99 .99+%) and i s  used as purchased as was the xan- 
thene (99.64%). The a cr id in e ,  purchased from Kodak and pu r i f ied  by 
vacuum sublimation at  373 K, has a purity  of  99.87%. The dibenzo­
furan (99.55%), dibenxothiophene (99.45%) and naphthalene (99.25%) 
were d is so lved  in to luene and then recovered by r e c r y s t a l l i z a t i o n  
in a rotary evaporator. The thioxanthene was synthes ized  by Dr. E. 
J. Eisenbraun at  Oklahoma State  University .  He ind icated  a purity  
o f  99+% and our r e s u l t s  (99.24%), a f t e r  f i l t e r i n g  i t  in a toluene  
s o lu t io n  and r e c r y s t a l l i z a t i o n  in a rotary evaporator,  agreed with 
t h i s  f igure .  The p u r i t i e s  l i s t e d  above were obtained by gas chrom­
atography.
In order to  measure the heats o f  fu s io n ,  the temperature of  
the block was increased a t  a constant rate  from below the melting  
point  o f  the sample to above i t ,  and the heat f lu x  was monitored.  
By in tegrat in g  the heat f lu x  during the melting process ,  the heat
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o f  fusion was then obtained. The r e s u l t s  of  the measurements of  
the heat o f  fusion have been checked by comparisons with l i t e r a t u r e  
data and our est imate  o f  the error i s  ±1%. For example, our values 
of  the heats of  fus ion  o f  anthracene, f luorene ,  and naphthalene are
28.6  kJ/mole,  19.3 kJ/mol, and 18.4  kJ/mol r e s p e c t iv e ly ,  while the  
l i t e r a t u r e  values are 28 .8  kJ/mole [ 1 ] ,  19.6 kJ/mol [ 2 ] ,  and 18.2  
kJ/mol [3 ]  r e sp e c t iv e ly .
In the measurements o f  the heat c a p a c i t i e s ,  the temperature of  
the block was increased a t  a constant  rate.  The heat f lu x  due to  
the s en s ib le  heat o f  the sample can be obtained by substract ing  the 
heat f lu x  when operating with empty tubes from the heat f lu x  mea­
sured when operating with sample. We est imate  th at  the error in 
t h i s  measurement i s  ±4%. Our value of  heat capacity  o f  s o l id  
naphthalene a t  329K i s  1.429 J /g .K , while the l i t e r a t u r e  value i s  
1.436 J/g .K [ 1 ] ,  and our value of  l iq u id  heat capacity  of  naphtha­
lene at  363 K i s  1.665 J /g .K ,  while  the l i t e r a t u r e  value i s  1.627  
J/g.K [1] .
7 .2 .  Results
The r e s u l t s  o f  the measurements o f  the heats of  fus ion  and 
heat c a p a c i t i e s  are shown in tab le  7 .1  and ta b le  7 .2  r e sp e c t iv e ly .
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Table 7.1: Heat o f  Fusion o f  Aromatic Hydrocarbons








Table 7.2: Sol id  and Liquid Heat Capacities  o f
Aromatic Hydrocarbons, c (J/mol K) 
and the Temperature, T(K)
Sol id  Heat Liquid Heat
Compound Capacity Temperature Capacity Temperature
Acridine c=0 .034+0.00380T > 340 1.731 < 393
Anthracene c=0 .693+0.00258T > 450 1.896 < 503
Dibenzofuran c=0 .352+0.00513T > 303 c=0 .127+0.00395T < 385
Dibenzothiophene c = - 0 .010+0.00370T > 303 c=0 .719+0.00220T < 423
Thioxanthene c = -0 .857+0.00600T > 360 1.660 < 410
Xanthene c = - l . 476+0.00830T > 340 1.721 < 380
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8. O verall Conclusions
The overa l l  conclus ions  that  can be drawn from t h i s  study are
the fo llowing:
1. The modified gaussian overlap poten t ia l  model i s  su i ta b le  to  
mimic the intermolecular p o t e n t ia l s  o f  an aromatic ring in 
aromatic hydrocarbon molecules.  Molecular dynamics simula­
t io n s  show that  the uses o f  t h i s  model for  benzene and naph­
thalene  give  thermodynamic property r e s u l t s  th a t  are in a good 
agreement with the experimental data.
2. The agreement o f  the simulated r e s u l t s  using the modified  
gaussian overlap po ten t ia l  model with the experimental data 
for  benzene and naphthalene are comparable to  those using  
s i x - s i t e  and t e n - s i t e  models r e sp e c t iv e ly .  However, the  use 
of  the modified gaussian overlap model requires  l e s s  computing 
time.
3. The l iq u id  s tructure  o f  naphthalene modeled by dumbells o f  the  
gaussian overlap p o ten t ia l  s i t e s  i s  in a good agreement with 
the one modeled by t e n - s i t e  Lennard-Jones p o t e n t ia l s .
4. To mimic the intermolecular p o t e n t ia l s  o f  an aromatic r ing ,  
use o f  the modified gaussian overlap po ten t ia l  model i s  much 
superior to that  o f  a spherical Lennard-Jones p o ten t ia l  model, 
s in ce  the l a t t e r  g iv e s  poor agreement with the experimental  
data.
5. The quadrupole-quadrupole in tera c t io n  plays  a s i g n i f i c a n t  ro le  
in  aromatic hydrocarbon f l u i d s ,  s ince  the in c lu s io n  of  th at
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e f f e c t  improves the agreement between the simulated r e s u l t s  
and the experimental data.  In t h i s  study, the  quadrupolar 
moment i s  placed a t  the center  o f  the aromatic ring. Further­
more, t h i s  study shows th a t  the quadrupolar e f f e c t  in benzene 
i s  s tronger than th a t  in naphthalene.
6. The s i z e s  (ctq) o f  the modified gaussian overlap potent ia l  
s i t e s  in benzene and naphthalene are very c lo se .
7. F i sch er 's  theory and the sph er ica l ized  potent ia l  method work 
q u a l i t a t i v e l y  for the gaussian overlap potent ia l  model in 
both oblate  and pro la te  c a se s ,  and work q u a n t i t a t iv e ly  for  the  
modified gaussian overlap po ten t ia l  model in both oblate  and 
pro la te  cases .
8. F ischer 's  theory and the sph er ica l ized  poten t ia l  method work 
a t  l e a s t  q u a l i t a t i v e l y  for  dumbells o f  the gaussian overlap  
p o t e n t ia l .  The agreement for  pressure i s  b e t t er  than for  the  
Helmholtz free  energy. Further s tud ies  are needed.
9. The experimental works on s o l i d - l i q u i d  e q u i l ib r ia  show that  
the fluorene-dibenzofuran system forms a s o l i d  s o lu t io n  a t  any 
composition, while  dibenzothiophene-dibenzofuran and fluorene-  
dibenzothiophene systems have im m isc ib i l i ty  gaps in the s o l id  
phases.
Appendix A
Table A . l  Perturbation r e s u l t s  for  A/NkT of  f l u i d s  modeled using  
the GOCE p o ten t ia l  were f i t t e d  to  a polynomial A/NkT = 
a + bp + cp2 + dp3 + ep4 for  various isotherms. Coef­
f i c i e n t s  of  these  polynomials and the dens i ty  range are 





a b c d e
1.30 3 .0 0 .1  - 0 .7 0.006 -0 .188 1.113 -0 .109 3.963
2.0 0 .1  - 0 .7 0.017 -1 .503 1.654 -2 .899 7.514
1 .5 0 .1  - 0 .7 0.014 -2 .6 0 4 0.717 -2 .792 8.850
1 .0 0 .4  - 0 .7 0.332 -1 .952 9.425 -18 .583 20.00
1.55 1.5 0 .1  - 0 .6 -0 .052 -1 .883 -7 .667 18.058 -
1 .0 0 .4  - 0.65 0.139 -6 .972 1.485 -10.104 29.867
0.50 1.5 0 .2  - 1 .7 0.006 -1 .066 -0 .131 0.251 0.021
1 .0 1 .2  - 1 .7 -0 .257 -1 .230 -1 .131 0.510 0.201
Note: T* = kT/e
*Q




Full length s imulat ions  were performed using systems of 256 
molecules and momentum s c a l i n g  was used for  keeping the tempera­
tu re ,  T*, constant .  In the case o f  s imulat ions  using the modified 
gaussian overlap p o t e n t i a l ,  the p o ten t ia l  was always truncated at  a
cen ter -cen ter  d is tance  o f  2 .3  a and t a i l  correct ion s  appl ied too
the time averages of  the v i r i a l  and the p o ten t ia l  energy. Systems 
were eq u i l ib ra ted  for 800 t im e-s teps  followed by production runs of
8.000 t im e-s teps  (At* = At/(mao2/ e o)^ = 0 .0015) .  In the case of
s imulat ions using the s i x - s i t e  p o t e n t i a l ,  s i t e - s i t e  truncations  of
2 .6  cj for  the s i t e - s i t e  in ter a c t io n s  and c en ter -cen ter  trunca-  ss
t io n s  o f  2 .8  o ss  were u t i l i z e d  for  the quadrupolar-quadrupolar 
in t e r a c t io n s .  Tail correct ions  were applied due to  the truncation  
o f  the s i t e - s i t e  in ter a c t io n s  only.  Systems were equ i l ibra ted  for
1.000 t im e-s teps  followed by production runs o f  8 ,000 t im e-s teps  
(At* = At/(mas s 2/ £ s s )^ = 0 .0015) .
Simulation r e s u l t s  for  U*(P = 0,T) and p*(P = 0,T) have been 
f i t t e d  to  the fo l lowing  polynomials
U* = a + a.,T* + a0T*2 + a-T*3 o 1 2 3
and
p* = b + b..T* + b0T*2 + b-T*3 . o 1 2 3
Estimated errors are ±0.003 in p* for  the modified gaussian  
overlap p o t e n t i a l s ,  ±0.0005 in p* for  the s i x - s i t e  p o t e n t ia l s .
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Estimated errors  in U* are ±0.05 or ±1%, whichever i s  the larger.
The accompanying ta b le  shows the c o e f f i c i e n t s  in the above two
polynomials for  a l l  the p o ten t ia l  models. Please note T* = KT/eo ,
p* = pcrQ3 , U* = U/eo# and Q* = Q/(eQa o^)^ for  the modified gaussian
overlap models and T* = kT/ess> p* = P<*s s 3 , U* = U/eg s , and Q* = 
5Q/(e s s a ss ) for  the s i x - s i t e  models.
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